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lE[HEALTH EFFECTS INSTITUTE 
The Health Effects Institute, established in 1980, is an independent and unbiased source 
of information on the health effects of motor vehicle emissions. HEI studies all major 
pollutants, including regulated pollutants (such as carbon monoxide, ozone, nitrogen 
dioxide, and particulate matter), and unregulated pollutants (such as diesel engine exhaust, 
methanol, and aldehydes). To date, HEI has supported more than 170 projects at institu
tions in North America and Europe. 

Typically, HEI receives half its funds from the U.S. Environmental Protection Agency and 
half from 28 manufacturers and marketers of motor vehicles and engines in the United States. 
Occasionally, funds from other public or private organizations either support special projects 
or provide resources for a portion of an HEI study. Regardless of funding sources, HEI exercises 
complete autonomy in setting its research priorities and in reaching its conclusions. An 
independent Board of Directors governs HEI. The Institute's Research and Review Committees 
serve complementary scientific purposes and draw distinguished scientists as members. The 
results of REI-funded studies are made available as Research Reports, which contain both the 
Investigators' Report and the Review Committee's evaluation of the work's scientific quality 
and regulatory relevance. 



RESULTS AND IMPLICATIONS 

The studies of Tager and Kinney are important efforts to develop retrospective methods for estimating an individual's lifetime exposure to ozone. Of the methods Kinney tested on the nationwide data set, a statistical regression technique that incorporated data from the three nearest ozone monitoring sites was the most accurate and straightforward. The largest differences between predicted ozone estimates and actual readings were found predominantly in California, mostly around Los Angeles, and in the New York/New Jersey/Connecticut metropolitan area. This finding suggests that it may be difficult to make exposure estimates in locations where ozone levels are high and variable. Using this method, Kinney found that distance from the nearest monitoring site (up to 30 miles) did not affect the accuracy ofthe estimate. This is a reassuring finding, implying that accurate estimates of ozone can be made even in rural areas where ozone monitors are far apart. However, when Kinney applied a different statistical method (known as "kriging" and based on distance) to a subset of his data, he found that the exposure estimates improved. This implies that more work is needed to determine the impact of distance from a monitoring site on ozone exposure estimates. 
Tager combined questionnaire information about residential history and activity patterns with long-term data from California ozone monitoring sites. The precision of responses from subjects on retest after a five- to seven-day interval was high. However, subjects' responses to Kinney's questionnaire about residence and activity patterns were in only moderate agreement after a one-month interval. Neither investigator attempted to confirm this information with an independent source, such as the subjects' parents. Not unexpectedly, Tager found that subjects who had resided for a long time in the Los Angeles Basin had higher estimated lifetime ozone exposures than subjects who had lived in the San Francisco Bay Area. 
Tager also found in a laboratory setting that two measures of airflow through small airways (FEF75% and FEFz5%-75%) were reproducible both from person to person and from test to test, whereas one other measure 
of small airway function, ~2. was not. This finding confirms results from previous studies, and suggests that FEF75% and FEFz5%-75% may be useful measures of small airway function in future large-scale epidemiologic studies of air pollution health effects. 

In a preliminary study, Tager found that the subjects who had the highest estimates of cumulative ozone exposure (those who had lived in the Los Angeles Basin) had lower FEF75% and FEFz5o/o-75% values than those who had the lowest estimates of cumulative exposure (residents of the San Francisco Bay Area). This is a provocative and potentially important finding because it suggests that subjects who have spent a long time in an environment containing high levels of ozone (and other air pollutants) may have decreased small airway function (compared with those living in a low-pollutant environment). However, because other study factors may influence these observations (such as differences between regions or among the ethnic backgrounds of subjects in different regions, and lack of overlapping ozone levels between the regions), these results should be interpreted cautiously. Studying appropriately matched subjects who have been exposed to a range of ozone levels is needed to substantiate the findings. 

Tager and Kinney have taken important steps in developing approaches for retrospective estimation of past exposure to ozone. Both investigators used fixed-site ambient monitoring data accumulated over many years and devised statistical models to estimate ozone concentrations at locations distant from the monitoring sites. Their approaches are based on a number of reasonable assumptions about what influences an individual's received dose. The investigators are now ready to test and, to the extent possible, validate their methods. If such studies are successful, the investigators' methods should advance air pollution epidemiology. 

Copyright© 1998 Health Effects Institute. Printed at Flagship Press, Topsfield, MA. 
Library of Congress Catalog Number for the HEI Research Report Series: WA 754 R432. 
The paper in this publication meets the minimum standard requirements of the ANSI Standard Z39.48-1984 (Permanence of Paper) effective with Report Number 21, December 1988, and with Report Numbers 25, 26, 
32, 51, and 65 Parts IV, VIII, and IX excepted. These excepted Reports are printed on acid-free coated paper. 



lHStatement 
Synopsis of Research Report Number 81 

Long-Term Exposure to Ozone: Development 
of Methods to Estimate Past Exposures and 
Health Outcomes 

BACKGROUND 

Short-term exposure to ozone, a ubiquitous air pollutant, is known to have adverse effects on the respiratory 

system. These effects, which include cough, shortness of breath, an inflammatory response in the airways, 

and transient changes in results on some tests of lung function, depend on the duration and intensity of 

exposure, as well as individual susceptibility. Although these effects appear to be reversible, there is concern 

that the inflammation associated with prolonged or repeated exposure may lead to permanent changes that 

affect the small airways. However, the effects of long-term exposure to ozone in humans are difficult to study. 

One major problem is estimating the concentrations of ozone that individuals have been exposed to over their 

lifetimes; a second issue is the variability in tests capable of measuring physiologic changes in the small 

airways. Thus, developing accurate methods for estimating past exposure to ozone and developing precise 

(that is, reliable or reproducible) tests of small airway function are critical for future studies of long-term 

human ozone exposure. This report describes the results of two feasibility studies that were designed to 

address these needs. 

STUDY DESIGNS 

The studies described in this report were conducted by two independent investigator groups: Dr. Ira Tager 

and colleagues at the University of California at Berkeley (UCB), and Dr. Patrick Kinney and colleagues at the 

School of Public Health, Columbia University. The objective of both groups was to develop new methods for 

estimating an individual's past exposure to ozone. To estimate personal exposure to ozone, both groups of 

investigators combined historical data from a network of ozone monitoring sites (nationwide in Kinney's 

study, and California-based in Tager's) with data from questionnaires that obtained information about 

residence history, time spent outdoors, and level of activity while outdoors. To determine the precision ofthe 

residence and activity information, both investigators administered the questionnaire a second time to their 

study subjects. 

Tager and coworkers studied UCB students who were lifetime residents of areas of California with either high 

or low levels of air pollution (the Los Angeles Basin or San Francisco Bay Area, respectively). In addition to 

estimating personal exposure to ozone, they also determined which tests of lung function, particularly small 

airway function, would be the most precise to use in a future, larger epidemiologic study. As part of his study, 

Tager then measured lung function in subjects whose long-term exposure to ozone he had previously 

estimated. Kinney studied Yale University students who had lived in different regions of the United States. 

He focused on evaluating the accuracy of different statistical methods for estimating previous ozone exposure, 

and in particular, on determining how many ozone monitoring sites were needed to provide data to make 

accurate estimates. 

This Statement, prepared by the Health Effects Institute and approved by its Board of Directors, is a summary of three research projects 

sponsored by HEI from 1993 to 1996. Dr. Ira B. Tager and colleagues of the University of California, Berkeley, CA, conducted the first study, 

Variability of Pulmonary Function Measures, and the second study, An Approach to Retrospective Estimation of Lifetime Ozone Exposure 

Using a Questionnaire and Ambient Monitoring Data (California Sites); and Dr. Patrick L. Kinney and colleagues of the University of Columbia, 

NY, conducted the third study, An Approach to Retrospective Estimation of Lifetime Ozone Exposure Using a Questionnaire and Ambient 

Monitoring Data (U.S. Sites). The following Research Report contains the three Investigators' Reports and a Conunentary on the studies 

prepared by the Institute's Health Review Committee. 
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INVESTIGATORS' REPORT 

Methods Development for Epidemiologic Investigations of the Health 
Effects of Prolonged Ozone Exposure 
Part I: Variability of Pulmonary Function Measures 

Ira B. Tager, Nino Klinzli, Long Ngo, and John Balmes 

ABSTRACT 

The acute and subacute effects of ambient concentrations 

of ozone on lung function have been studied extensively in 

a variety of settings. Such studies generally have focused 

on measures of function that reflect either lung volumes or 

flows that are influenced by the physiology of large and 

small airways (e.g., forced expiratory volume in one second 

[FEV1l*). Data from animal studies suggest that the effects 

of prolonged exposure to elevated ambient concentrations 

of ozone result in abnormalities in the centriacinar region 

of the lung; and dosimetry models for humans predict that 

long-term exposure to ozone could impact the same areas 

ofthe human lung. However, alterations in structure at this 

level of the lung are not well reflected by measuring FEV 1 

until substantial structural changes have occurred. Meas

ures of the lung function that reflect the functional mechan

ics of airways smaller than 2 mm in diameter are considered 

to be more relevant. At least one epidemiologic study has 

provided evidence that small-airway functions may be rele

vant to effects of prolonged exposure to environments with 

high concentrations of oxidants. 

A considerable body of physiologic data has established 

that flow rates measured during the terminal portion of a 
maximum expiratory flow-volume (MEFV) curve are 

largely governed by airways smaller than 2 mm in diameter. 

* A list of abbreviations appears at the end of the Investigators' Report. 

This Investigators' Report is Part I of Health Effects Institute Research Report 
Number 81, which also includes Part II: An Approach to Retrospective 
Estimation of Lifetime Ozone Exposure Using a Questionnaire and Ambient 
Monitoring Data (California Sites}, by Dr. Ira Tager and associates; Part III: 
An Approach to Retrospective Estimation of Lifetime Ozone Exposure Using 
a Questionnaire and Ambient Monitoring Data (U.S. Sites}, by Dr. Patrick 
Kinney and associates; a Commentary by the Health Review Committee on 
all three Investigators' Reports; and an HE! Statement about the research 
projects. Correspondence concerning the Part I Investigators' Report may be 
addressed to Dr. Ira Tager, School of Public Health, University of California, 
Berkeley, CA 94720-7360. 

Although this document was produced with partial funding by the United 
States Environmental Protection Agency under Assistance Award R824835 
to the Health Effects Institute, it has not been subjected to the Agency's peer 
and administrative review and therefore may not necessarily reflect the views 
of the Agency, and no official endorsement by it should be inferred. The 
contents of this document also have not been reviewed by private party 
institutions, including those that support the Health Effects Institute; there
fore, it may not reflect the views or policies of these parties, and no endorse
ment by them should be inferred. 
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A similar interpretation has been given to changes in the 

slope of phase III (.0-Nz) of the single-breath nitrogen wash
out (SBNW) curve. Despite the attractiveness of these meas

ures in relation to airway physiology, some data suggest that 
measurements of flow via the terminal portions of MEFV 

and SBNW curves have much greater within-subject vari

ability than forced vital capacity (FVC) and FEV1 . The 

present study was undertaken as part of a larger feasibility 
study to develop methods to study the effects of prolonged 

exposure to elevated ambient ozone levels on lung function 

in adolescents. 

A convenience sample of 239 freshmen (ages 16-20 

years) entering the University of California, Berkeley were 

recruited to participate in this protocol. All were lifelong 
residents of the San Francisco Bay Area or the Los Angeles 

Basin. Subjects were studied on two occasions five to seven 

days apart. At each test session, subjects performed up to 

eight forced expiratory maneuvers to produce three accept

able and reproducible MEFV curves by modified American 
Thoracic Society criteria. Tests of SBNW were then per

formed on the basis of detailed criteria for validity and 

reproducibility. Eight attempts to generate three curves 

were allowed. The I'.Nz was obtained by a least-squares 
regression of nitrogen concentrations between the 750-mL 

and 1750-mL volume points. Instantaneous flow at 75% of 
expired volume (FEF75o/o), average flow between the 25% 

and 75% volume points (FEFz5o/o-75%), and t.Nz were the 

principal outcomes. Variance components were estimated 

with a nested random effects model with adjustments for 

important covariates. 

The average within-subject coefficients of variation(± SD 

of distribution of means) for male subjects were: FEV1 1.2 

(± 0.8); FEFz5o/o-75% 3.2 (± 2.3); FEF75% 5.8 (± 5.0); and I'.Nz 

17.9 (± 12.3); for female subjects they were: FEV1 1.4 (± 0.9); 

FEFz5o/o-75o/o 3.0 (± 2.2); FEF75% 6.2 (± 5.2); and t.Nz 19.9 (± 

17.0). The variance attributed to test session was less 
than 1% for all measures. The percentages of variance due 

to within-subjE)Ct variation for each measure (adjusted for 
sex, area of residence, ethnicity, and height) were: FVC 

3.6%; FEV1 3.0%; FEFz5o/o-75% 5.2%; FEF75% 8.9%; and 
I'.Nz 23.9%. Of all subjects tested, 234 (97.9%) could pro

vide at least two acceptable MEFV curves, but only 218 
(91.2%) could provide at least two acceptable SBNW 

curves. The results were unchanged by recent history of 

acute respiratory illness. 

1 



This study has demonstrated that it is feasible to obtain 
flows from the middle and terminal portions of the MEFV 
curve at a sufficient degree of precision for use in 
epidemiologic studies of the effects of prolonged exposure 
to ozone on measures of lung function that reflect the 
physiology of peripheral airways. The optimal measure in 
terms of precision is FEFz5o/o-75%, although it is a less 
specific measure of small-airway physiology than FEF75%· 
Although FEF75% can be less precisely measured than 
FEFzs%-75%, the decrease in precision is small and the 
additional costs in the efficiency of conducting cross-sec
tional and longitudinal studies should be low. Further
more, both FEFz5%-75% and FEF75% can be obtained easily 
from the same forced expiratory maneuvers on computer
ized spirometers. On the other hand, ~Nz does not seem 
well suited for such studies because it provides a much less 
precise measure than those for flows. Furthermore, the 
SBNW test requires more complex equipment and subjects 
are less likely to be able to produce useable data. Moreover, 
the advantages of ~Nz data over data from the terminal 
portion of the MEFV curve have not been conclusively 
demonstrated. 

INTRODUCTION 

The acute and subacute effects of ambient concentrations 
of ozone on lung function have been studied extensively 
both in controlled chamber-exposure studies and in field 
studies of children and adults (Lippman 1989a,b; U.S. Envi
ronmental Protection Agency 1992b, 1995; Ostro 1993). The 
effects of long-term exposure to ambient concentrations of 
ozone on lung function have been evaluated, to a much 
lesser extent, by means of population-based epidemiologic 
studies (Detels eta!. 1979, 1981, 1987, 1991; Stern eta!. 
1989, 1994; U.S. Environmental Protection Agency 1992b, 
1995). With few exceptions (Detels et a!. 1991; Keefe eta!. 
1991; Weinmann et a!. 1995a,b,c), these human studies, 
especially the controlled chamber-exposure studies, fo
cused on functional measures that relate to lung volumes, 
such as FVC and to a lesser extent FEV1, and on parameters 
of lung mechanics that predominantly, or in part, reflect 
central airway physiology, such as FEV 1, specific airway 
resistance, and to some extent FEFzs%-75% (Hyatt 1983). 
According to current understanding, the changes in lung 
volume measures are principally related to reflex reduc
tions in vital capacity (Hazucha et a!. 1989) and may not 
reflect pathophysiologic alterations that are perhaps more 
relevant to the long-term effects of ozone exposure or reflect 
the principal sites of ozone effect. 

Studies in animals experimentally exposed to ozone at 
various concentrations and for varying periods of time 
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suggest that the principal site of morphologic damage is the 
centriacinar region of the lung (junction of the conducting 
airways with the gas exchange regions) (U.S. Environmental 
Protection Agency 1986, 1992b; Collaborative Ozone Project 
Group 1995). Acute and chronic inflammation as well as 
remodeling have been observed in the centriacinar regions 
of exposed animals (U.S. Environmental Protection Agency 
1992b, 1995). Of particular interest in terms of possible 
chronic effects of exposure is the concomitant inflamma
tion (respiratory bronchiolitis) and remodeling in the cen
triacinar region, that is, changes in cell populations and 
interstitial collagen (U.S. Environmental Protection Agency 
1995). Recent theoretical models of ozone dosimetry in 
humans suggest that when ozone is inhaled the maximum 
doses to the lung occur at the level of the terminal bronchi
oles in the centriacinar region (U.S. Environmental Protec
tion Agency 1995). With increases in ventilation, there is a 
shift of ozone farther into the peripheral airways of the lung. 

On the basis of experimental and theoretical dosimetric 
modeling data, Bates (1993) proposed an analogy between 
the effects of ozone on the human lung and those of cigarette 
smoke. The earliest lesions associated with cigarette smok
ing are those of a respiratory bronchiolitis that is similar in 
many ways to that observed in ozone-exposed animals 
(Niewoehner et a!. 1974; Cosio et al. 1977; Saetta et al. 
1994). Moreover, the changes of respiratory bronchiolitis 
are found in young smokers before changes in FEV 1 would 
be expected to be present (Niewoehner eta!. 1974). 

Studies of the correlation between lung pathology and 
function have shown a relation between abnormalities of 
the centriacinar region and a variety of measures of respi
ratory function (Wright et a!. 1992). The most consistent 
associations have been with alterations of measures thought 
to reflect small airway physiology, such as flows from the 
midportion of MEFV curves, and especially parameters 
derived from SBNW curves (Wright et al. 1992). In control
led chamber-exposure studies, short-term exposures of hu
mans to ozone concentrations in the range of 350 to 400 
parts per billion (ppb) were associated with changes in 
functional measures related to alterations in small airways 
(Keefe eta!. 1991; Weinmann et al. 1995a,b,c). Although its 
results have been controversial, at least one epidemiologic 
study of adolescents reported annual decrements in meas
ures related to the small airways, such as flows at low lung 
volumes and ~Nz of the SBNW curves which were greater 
than the decrements for FEV1 (Detels eta!. 1987, 1991). This 
observation was particularly true for subjects under 25 
years of age. 

Several studies have demonstrated that lung function 
measures related to the state of the small airways (for 
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example, flows at low lung volumes derived from MEFV 

curves and mz) are abnormal in cigarette smokers even 

when there are no abnormalities in FVC and FEV1 (Buist et 

al. 1973; Buist and Ross 1973; Berend et al. 1980; Nemery 

et al. 1981). Although some controversy remains about 

whether these early abnormalities are directly predictive of 

the decline of lung function observed in some smokers, the 

preponderance of data suggests that abnormalities of the 
small airways constitute an integral component of the ob

structive airways disease of cigarette smokers (Bates 1989; 

Saetta et al. 1994). If the analogy offered by Bates is relevant 

to the investigation of the effects of long-term exposure to 

ambient concentrations of ozone, then measures of small 

airway function should be included routinely in epi

demiologic studies of the effects of ozone on respiratory 

function. 

A considerable body of physiologic data has established 

that flow rates measured during the terminal portion of a 

maximum forced expiratory maneuver, the maneuver used 

to generate FVC and FEV 1 (for example, FEF75%l. are largely 
governed by the properties (geometry, compliance, and 

tethering effect of surrounding lung parenchyma) of air
ways smaller than 2 mm in diameter (Hyatt 1983). Maxi

mum expiratory flow-volume curves are easily obtained 

from the highly standardized forced expiratory maneuvers 

that have been used in countless epidemiologic studies 

(American Thoracic Society 1987, 1991; Enright et al. 1991). 

The practicality of using gas washout tests for epidemiologic 

studies has been established (Buist and Ross 1973; Knudson 

et al. 1977; Detels et al. 1987; Teculescu et al. 1990). How

ever, gas washout tests are more difficult to perform than 

forced expiratory maneuvers, and procedures for stand

ardization are less widely published. 

Substantial data are available on the between-subject 
variability of flows derived from the middle and terminal 
portions of the MEFV curve (small sample from an enor
mous body of published data: Knudson et al. 1976, 1983; 
Dockery et al. 1985). In contrast, relatively few data are 
available on the within-subject variability of parameters 
derived from FVC maneuvers (Burki et al. 1975; McCarthy 
etal.1975;RozasandGoldman 1982;Tweeddaleetal.1984; 
Enright et al. 1995). Even fewer data are available on within
subject variability estimates for adolescents and young 
adults, the study of whom would be of particular interest 
in relation to early ozone-related changes in small airway 
function that might be analogous to the early changes ob
served in cigarette smokers (Leeder et al. 1977; Hutchison 
et al. 1981). What data there are suggest that the within-sub
ject variability of flow measures at middle and low lung 
volumes is two to three times greater than the variabilities 
ofFVC and FEV1 (McCarthy et al. 1975; Leeder et al. 1977; 
Hutchison et al. 1981). 

Two large studies provided data on SBNW curves for 
adolescents (Adams et al. 1984; Teculescu et al. 1990); 

however, neither study provided data on within-subject 

and between-subject variability ofmz. A substudy (Teculescu 
et al. 1987) provided some variability data for children 10 to 

16 years of age. The mean individual coefficient of variation 

(CV) for ~Nz was 12.9% compared with 2.2% for vital 

capacity. Variability over two weeks was five-fold greater 

for ·~Nz than for vital capacity (Teculescu et al. 1987). 

Hutchison and colleagues (1981) studied 20 adolescents 

aged 10 to 16 years and observed a CV for mz of approxi

mately 23% for measurements made over four days com

pared with CVs of 3% for FVC and 10% for FEFz5%-75%· A 
similar CV for ~Nz was provided by DeGroodt and cowork

ers (1984) for 39 subjects aged 14 to 16 years. Data also are 

available on the variability of parameters derived from 

SBNW curves in several small studies of older subjects 

(Becklake et al. 1975; Burki et al. 1975; Ducic et al. 1975; 

Marcq and Minette 1976). A study of young adults demon

strated an average within-subject CV of approximately 20% 
for ~Nz versus approximately 14% for FEF75%, 8% for 

FEFz5%-75%. and 2% to 3% for FEV1 (McCarthy et al. 1975). 
A study of 13 adults estimated that the between-subject 
variability was between one and four times the within-sub

ject variability for ~Nz depending on the number oftracings 

per subject used for the estimates (Becklake et al. 1975); 

within-subject variability accounted for 40% of the overall 

mean square error compared with 11.7% for vital capacity. 

Finally, data from a large population study (Knudson et al. 

1977) provided an estimate of the between-subject CV of 

125% for ~Nz over the age range 8 to 19 years and 57.5% 

over the age range 20 to 54 years. 

Estimates of within-subject and between-subject vari

ance are particularly important in studies in which small 
differences are likely between groups of individuals, or in 
longitudinal studies in which rates of change in function 

are of interest. Both of these situations are relevant consid

erations for any study on the relation between long-term 

exposure to various concentrations of ambient ozone and 

changes in lung function that increase individual risk of 

obstructive lung disease. 

SPECIFIC AIMS 

The present investigation was undertaken as part ofHEI's 

Environmental Epidemiology Planning Project (Health Ef

fects Institute 1994) to: 

1. develop more precise estimates of within-subject vari

ability for flows derived from the terminal part of the 

MEFV curve and ~Nz in adolescents and young adults; 
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2. determine the suitability ofthe SBNW test for epidem
iologic studies in terms of protocol standardization and 
within-subject and between-subject variability; and 

3. compare the relative variability of flows at low lung 
volumes derived from MEFV curves with ~z. 

This investigation was part of a larger feasibility study to 
evaluate epidemiologic methods for a study to determine 
whether or not long-term exposure to ambient concentra
tions of ozone in the Los Angeles Basin produced decre
ments or alterations in measures of small airway physiology 
in adolescents that are consistent with the hypothesis that 
long-term ozone exposure, especially early in life, can lead 
to chronic changes in lung function at the level predicted 
by animal studies and dosimetric models. The results of the 
relation between respiratory function and estimated ozone 
exposure in the overall feasibility study are the subject of 
Part II of this Research Report. 

METHODS 

All procedures carried out were approved by the Com
mittee for the Protection of Human Subjects of the Univer
sity of California, Berkeley, and required written informed 
consent from each student. All students received remunera
tion for participation. 

SAMPLE SIZE CONSIDERATIONS AND 
RECRUITMENT OF SUBJECTS 

Issues of time and the logistics of the planned protocol 
(see section below) limited the number of subjects who 
could be studied. Therefore, a sample size estimate was 
based on the precision considered desirable for estimates 
of within-subject and between-subject variance under the 
assumptions of a nested random effects model (subject, test 
session, and replicates) (Neter et a!. 1985), and on the 
number of students who could be studied in a single school 
year (estimated to be approximately 200). The report of 
Becklake and coworkers (1975) provided the most relevant 
and complete data on within-subject and between-subject 
variance for ~z. With these estimates and the derivation 
of the variance components from a random effects model, 
a simulation based on variable numbers of subjects was 
undertaken to determine the confidence limits around the 
Becklake estimates of within-subject and between-subject 
variances. Based on a sample of 200 subjects, the Becklake 
estimates could be rejected by the study with a = 0.05 if 
within-subject and between-subject variances differed by 
10% and 20%, respectively, from the Becklake estimates. 

The choice of subjects was motivated by several consid
erations. First, the aim of a large epidemiologic study would 
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be to study adolescents who could provide data relevant to 
estimating lifetime ozone exposure. An age range of 18 to 
20 years was considered an optimal compromise in terms 
of data variability. In any study of adolescents, continued 
"growth" of lung function would be a source of variability 
that would need to be minimized in a follow-up study. 
Although some increase of lung volumes in males can 
continue into the early fourth decade (Tager et al. 1988), 
growth of lung function, especially flow at low lung vol
umes, is largely complete by age 17 in both males and 
females, and especially in females (Tager et al. 1988; Wang 
et a!. 1993a,b). Minimizing effects of growth clearly has 
implications for reducing between-subject and between
"time" (within-subject) variance, the latter being of particu
lar importance for a longitudinal study. The lower boundary 
of the age criterion could be reduced, especially for females, 
in whom lung function growth generally ends earlier. 

Second, the study population for a large study would be 
students entering the University of California, Berkeley, 
who had lived their entire lives in selected areas of Califor
nia, either the Los Angeles Basin (LAB) or the San Francisco 
Bay Area (SFBA). Convenience samples of subjects were 
recruited between August 1993 and December 1994. Adver
tisements were placed in print media likely to be read by 
students, and notices were posted in areas frequented by 
students. 

Inclusion criteria were evaluated through the completion 
of standardized questionnaires (Eligibility Questionnaire 
and Residential History Form in Appendix A, which ap
pears at the end of Part II). Initial criteria for inclusion were 
1. age from 16 to 20 years; 
2. lifelong nonsmoker (defined as not smoking as much 

as one cigarette per day for more than one year) and not 
smoking in the year before testing; 

3. no history of asthma (this criterion was modified as 
described below); and 

4. lifelong resident of LAB or SFBA (a large number of 
volunteers turned out to be immigrants of Asian or 
Pacific Islander descent who had come to California 
very early in childhood). 

To recruit the desired sample in the time allotted for the 
study, the criteria had to be relaxed in some cases. In the 
case of asthma or wheeze symptoms, subjects were entered 
into the study if they reported a history of asthma or 
wheezing that was confined to early childhood and no 
symptoms of or medication for asthma in their teen years 
(n = 25). In the case ofresidence, students were included if 
their first residence outside LAB or SFBA did not extend 
past the first year of life. 
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GENERAL PROTOCOL 

Subjects came to a laboratory site on the campus of the 

University of California, Berkeley. All subjects but two 

were tested on two occasions within five to seven days, at 

approximately the same time of day. Two subjects took the 

second test after 14 days. All second tests were within six 

hours of the time of day ofthe first test (median 15 minutes). 

Upon arrival in the laboratory, students completed the 

Eligibility Questionnaire and the Residential History Form. 

The technician reviewed the forms with the student on 

completion, and the student's eligibility was determined at 

that point. If the student was eligible, he or she completed 

the remainder of a questionnaire developed as a separate 

part ofthis project (see Appendix A; the details of the larger 

questionnaire are the subject of Part II of this Research 

Report). Students then completed the Pulmonary Function 

Test (PFT) Eligibility Form (see Appendix A) about respi

ratory symptoms at the time of testing and over the previous 

three to seven days and about the consumption of caffei

nated beverages. At the time of test session 2, the same 

procedures were followed, except that the general Eligibil

ity Questionnaire was not readministered. Maneuvers to 

test forced expiratory volume were performed before the 

SBNW test for all subjects. 

PULMONARY FUNCTION TESTS 

Equipment 

All pulmonary function testing was carried out using the 

2100 System of SensorMedics Corp., Yorba Linda, CA. This 

system was specifically chosen because of software that 

permits the necessary visual quality control of flows for the 

SBNW test. 

Forced Vital Capacity and Maximum Expiratory Flow

Volume Curves The performance characteristics of the 

2100 System mass flow sensor are documented in Appen

dix B (which is available on request from the Health Effects 

Institute; see note at the end of Part II). Only MEFV curves 

were displayed, but the system provided direct feedback to 

the operator about American Thoracic Society standards for 

start-of-test (volume of extrapolation) and end-of-test (du

ration of exhalation and flow plateau). At the onset of 

exhalation, a vertical line appeared on the screen, which 

enabled the technician to determine when six seconds had 

elapsed from the start ofthe FVC maneuver. The end-of-test 

message appeared on the screen when the FVC maneuver 

had lasted at least six seconds and there had been zero flow 

for at least two seconds. These two criteria presented some 

difficulties for the subjects, so the end-of-test criteria were 

modified (see below). When each test was saved for evalu

ation, the "extrapolated" volume and total expiratory time 

were displayed, providing an opportunity for the techni

cian to use this information in the evaluation of each 

maneuver performed by a subject. 

Both MEFV and time-volume curves could have been 

printed for each test. However, the resolution of the time

volume curves was insufficient to allow visual inspection 

of the curve details. Therefore, only MEFV curves were 

routinely printed and saved in hard copy. 

The system was calibrated each day before use in accord

ance with the instructions from the manufacturer (Appen

dix B). An automated calibration and verification procedure 

also was carried out each day, before the system was used. 

If the system was shut down at any time during a day, it was 

recalibrated and reverified before testing resumed. All cali

brations were within the 3% of the calibration volume 

recommended by the manufacturer as the cutoff point for 

the need to recalibrate the system. All calibration data were 

printed and stored. 

The 2100 System's output for parameters derived from 

the MEFV curve are automatically corrected to BTPS. At the 

start of each day, the barometric pressure was entered into 

the system, as required, from an aneroid barometer (No. 

p-410-477, Warren E. Collins, Braintree, MA) mounted in 

the laboratory. The accuracy ofthe barometer was checked 

periodically by comparing its pressure readings with those 

of a local weather service. Temperature was entered for the 

calibration and was reentered for each subject's test from a 

thermometer mounted next to the test equipment. 

Single-Breath Nitrogen Washout Curves A fast-response 

nitrogen analyzer (response time less than 50 msec) is used 

by the 2100 System. The system permitted easy calibration 

of the analyzer using a test bolus of 100% oxygen (Appen

dix B). The analyzer was calibrated at least once each day 

at the start of testing. If the technician had any reservation 

about the performance of the system, recalibration was 

undertaken as needed. This latter situation was infrequent. 

For the purposes of this study, the most significant fea

ture of the 2100 System was its ability to provide a continu

ous, real-time display of expiratory flow during the SBNW 

test and boundary markers for a range of 300 to 600 mL!sec 

(Figure 1). The most critical part in the quality control of 

the SBNW test was the subject's ability to control expiratory 

flow. Flows that were too rapid led to an attenuation ofthe 

apex-to-base gradient in nitrogen on which the test is based 

(Anthonisen et al. 1970; DeGroodt et al. 1983). The system 

measured ~2 automatically as the best-fit line between the 

750-mL and 1,750-mL volume points of the SBNW curve. 

5 



Protocols 

Maximum Expiratory Flow-Volume Protocol Detailed writ
ten instructions were provided for the technician, based on 
an adaptation of American Thoracic Society (1991) criteria 
(Appendix C, which appears at the end of Part II). In addition, 
from the data ofKrowka and colleagues (1987), another crite
rion, based on peak expiratory flow rate (PEFR), was added 
to the American Thoracic Society acceptability criteria. 
Each subject was permitted up to eight attempts to produce 
three acceptable and reproducible tests. All tests were per
formed with the subject in the sitting position and using 
nose clips. Initial acceptability criteria were: 
1. acceptable effort, as determined by the technician and 

by visual inspection of the MEFV curve; 
2. no machine error message for extrapolated volume; 
3. PEFR within 10% of maximum PEFR; and 
4. end-of-test criteria of at least six seconds' duration and 

zero flow for two seconds. 
Height was measured with the subject in stocking feet to 

the nearest one-half inch with a wall-mounted stadiometer 
(No. 1000, Country Technology, Gay Mills, WI) based on a 
protocol derived from the Anthropomorphic Standardization 
Reference Manual( Lohman et al. 1988) (Appendix C). Weight 
was measured in stocking feet to the nearest pound with a 
digital electronic scale (Thinner, Country Technology, Gay 
Mills, WI). 

Early in the protocol, it was observed that these young, 
healthy subjects reached a zero flow point well before the 
six-second component of the end-of-test criterion. Review 
of the test performance and visual inspection of the MEFV 
and time-volume curves of the subjects indicated that tests 
that lasted for less than six seconds did represent maximal 
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Figure 1. SensorMedics 2100 System screen image at the end of a SBNW 
test. Both expiratory flow and the expired nitrogen concentration are dis
played in real time. Subjects were instructed to focus their attention on the 
flow curve. 
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FVC maneuvers. Therefore, for the majority ofthe subjects, 
the principal end-of-test criterion was zero flow for two 
seconds. 

Reproducibility criteria were FVC and FEV 1 values within 
5% of maximum or within 100 mL (whichever was greater). 

Single-Breath Nitrogen Washout Protocol Detailed writ
ten instructions for the performance of the SBNW test and 
the criteria for test acceptability were developed (Appendix 
C). The principal source for test criteria was "Suggested 
Standardized Procedures for Closing Volume" (Division of 
Lung Diseases, National Heart Lung and Blood Institute 
1973). This document is the most comprehensive source of 
criteria for SBNW and was developed by Drs. R. Martin and 
P. Macklem and investigators who were participating in the 
Division of Lung Diseases contract program on the early 
diagnosis of chronic obstructive pulmonary disease in the 
early 1970s. 

Before the study was implemented, the protocol was 
tested and the above criteria were modified to make the 
acceptable test criteria more stringent. Each subject was 
permitted one practice attempt after being given the test 
instructions and then up to eight further attempts to achieve 
three acceptable tracings. Throughout the test procedure, 
subjects were reminded constantly to monitor their expira
tory flow with the use ofthe real-time visual expiratory flow 
tracing provided on a screen mounted in their direct line of 
vision. Examples of acceptable and unacceptable SBNW 
tests are provided in Appendix C. 

To be acceptable, a test had to meet all of the following 
criteria: 

1. after the first 500 mL of expired volume, flow between 
300 and 600 mL!sec; 

2 except for the first 500 mL of expiration, no expiratory 
flow transients above 600 mL!sec for a volume of at 
least 300 mL; 

3. after the first 500 mL of expiration, no more than one 
flow transient above 600 mL!sec provided that this 
transient occurred over a volume of less than 300 mL; 

4. no more than two flow transients below 300 mL!sec 
with a volume of at least 300 mL and no more than three 
such transients overall; 

5. expired vital capacity not less than 5% of the best FVC 
value obtained during the FVC maneuvers; and 

6. no "step" changes in Nz concentrations with continued 
cardiogenic oscillations. 

ANALYSIS OF DATA 

Initially the components of variance for each of the tests 
of lung function were estimated by a nested random effects 
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analysis of variance (ANOV A) (Neter et al. 1985) that was 

implemented with the PROC NESTED procedure of SAS 

(SAS Institute 1991). The algorithm used is a moment-based 

algorithm that provides estimates of variance components 

and F tests for balanced data. Variance components can be 

obtained for unbalanced data, but no F test can be com

puted. This analysis considers individual, test session, and 

replicates at each test session as nested random effects 

(replicates within test sessions within individuals). The 

basic model (Neter et al. 1985) is: 

where Yijk is the kth PFT replicate at the jth test session for 

the ith subject; 11 •• is a constant; ai represents constants that 

sum to 0 (effect of individuals); j3j(i) represents constants 

that sum to 0 (effect oftest sessions within individuals); and 

Ek(ij), represents independent error terms (effect of repli

cates within test sessions within subjects). All effects are 

assumed to be mutually uncorrelated. 

Initially, analyses were carried out stratified by sex, race 

or ethnicity (Asian or Pacific Islander or other; "other" 

included the original questionnaire category choices of 

Caucasian [white], Hispanic, African American, Native 

American, and other), area of residence (LAB, SFBA), and 

reported history of chronic or acute respiratory symptoms. 

Linear regression analyses were carried out to determine 

the need to adjust lung function measures for age and for 

height, or weight, or both height and weight, despite the 

very narrow range of ages of the subjects. 

The final determination of the variance components was 

carried out as an analysis of a mixed linear model. The 

PROC MIXED procedure of SAS that employs a restricted 

maximum likelihood estimation procedure (SAS Institute 

1992) was used. This model permits adjustment for covari

ates (for example, sex, race, area of residence, height, and 

expiratory time) as fixed effects and the evaluation of the 

random effects of individual, test session, and replicates 

within test session, as noted above. In addition, unbalanced 

data can be used, which makes it possible to include data 

from subjects who had fewer than three replicates at a 

session or missed one test session. Moreover, estimates of 

the standard error of each variance component are provided. 

RESULTS 

Of the 239 subjects between the ages of 17 and 21 years 

who participated in the pulmonary function protocols (Ta

ble 1), all but two (one female and one male) attended both 

test sessions. The median age of subjects was 19 years 

(Table 1); only 16 subjects were between 20 and 21 years. 

Table 1. Selected Characteristics of Students Who Participated in the Pulmonary Function Tests 

Males Females Total 
Characteristic (n = 123) (n = 116) (n = 239) 

Age [years] 
Median 19 19 19 

25th-75th percentiles 18-19 18-19 18-19 

Range 17-20 17-21 17-21 

Ethnicitya 
White 40 (32.5) 29 (25.0) 69 (28.9) 

Asian/Pacific Islander 66 (53.6) 68 (58.6) 134 (56.1) 

Otherb 17 (13.8) 19 (16.4) 36(15.1) 

Residencea,c 
Los Angeles Basin 64 (52.0) 69 (60.0) 133 (55.9) 

San Francisco Bay Area 59 (48.0) 46 (40.0) 105 (44.1) 

Height [em] 
Median 175 163 170 

25th-75th percentiles 170-180 157-168 163-175 

Range 147-196 130-178 130-196 

'Percentages of male, female, or total subjects are given in parentheses. 

h Hispanic= 20; African American= 6; undefined other= 10. 

" One female had missing data for area of residence. 

7 



Fifty-six percent of the subjects identified themselves as 
Asian or Pacific Islander. Somewhat more subjects were 
from LAB (56%) than from SFBA (44%). Thirty subjects had 
a first residence (n = 27) or first and second residences (n = 3) 
outside California. Of these, 20 (67%) were of Asian or 
Pacific Islander descent. In no case did the time from birth 
to arrival in LAB or SFBA exceed one year. 

A past history of asthma (defined in the Methods section) 
was reported by 25 (10.5%) of the 239 subjects (Table 2). A 
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past history of episodes of wheeze and shortness of breath 
with wheeze was reported by 17 (7.1%) and 12 (5%) of the 
subjects, respectively (Table 2). Two female subjects claimed 
to have smoked some cigarettes in the year before testing, 
but no subject reported having smoked as much as one 
cigarette per day for a year or 20 packs in a lifetime (Table 
2). Forty subjects reported having smoked cigarettes at some 
time more than one year before testing, but none smoked 
more than the amounts stated previously. Seven subjects 

Table 2. Selected Chronic Respiratory Symptoms and Smoking History of Subjectsa 

Males Females 
Symptoms and Smoking History (n = 123) (n = 116) 

Ever had asthma 14 (11.4) 11 (9.5) 

Past episodes of wheeze 4 (3.3) 13 (11.2) 

Past episodes of shortness of breath with wheeze 5 (4.1) 7 (6.0) 

Smoked~ 1 tobacco cigarette/day for 1 year 0 0 

Smoked 3 marijuana cigarettes/week for 6 months 0 0 

a Percentages of male, female, or total subjects are given in parentheses. 

Table 3. Selected Acute Respiratory Symptoms Reported at the Time of Pulmonary Function Testinga 

Symptom Reported 
at Test Session 

Runny or stuffy nose previous week 
Session 1 
Session 2 

Cough in previous 72 hours 
Session 1 
Session 2 

Wheeze or whistling in chest 
in previous 72 hours 
Session 1 
Session 2 

Fever in previous 72 hours 
Session 1 
Session 2 

Cold or flu in last 7 days 
Session 1 
Session 2 

Sought medical care in previous week 
Session 1 
Session 2 

Males 
(n = 123) 

13 (10.6) 
11 (8.9) 

4 (3.3) 
4 (3.3) 

0 
1 (0.8) 

0 
2 (1.6) 

14 (11.4) 
5 (4.1) 

0 
0 

a Percentages of male, female, or total subjects are given in parentheses. 
b No inhaled bronchodilator or steroid medications were prescribed. 
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Females 
(n = 116) 

6 (5.2) 
9 (7.7) 

3 (2.6) 
0 

0 
0 

0 
0 

15 (12.9) 
3 (2.6) 

2 (1.7)b 

0 

Total 
(n = 239) 

25 (10.5) 

17 (7.1) 

12 (5.0) 

0 

0 

Total 
(n = 239) 

19 (7.9) 
20 (8.3) 

7 (2.9) 
4 (1.7) 

0 
1 (0.4) 

0 
2 (0.8) 

29 (12.1) 
8 (3.3) 

2 (0.8) 
0 
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(five female and two male) reported having smoked mari

juana in the year before testing, but no subject had smoked 

as many as three marijuana cigarettes per week for as long 

as six months (Table 2). 

The acute respiratory symptom most frequently reported 

at the time of testing was the occurrence of a cold or the 

"flu" in the previous seven days (12% test session 1, 3% test 

session 2; Table 3). Eight percent of students reported a 

runny or stuffy nose in the previous week at both test 

sessions 1 and 2 (Table 3). Cough in the preceding 72 hours 

was reported by 3% and 2% of subjects at test sessions 1 

and 2, respectively, and only one subject reported wheezing 

in the 72 hours preceding testing (Table 3). Only two 

subjects reported seeking medical care in the week before 

testing (two females at test session 1). In neither case was 

an inhaled bronchodilator or an inhaled steroid drug pre

scribed. Most subjects (84%) reported drinking caffeinated 

beverages; however, only 3.3% consumed a caffeinated 

beverage in the 24 hours before testing. 

Subjects were more likely to produce three acceptable 

replicates for the MEFV curves than for the SBNW curves 

(Table 4). In addition, there was evidence of a small learning 

effect between test sessions 1 and 2, in terms of the number of 

acceptable tests produced by each subject. For the MEFV 

curves 89% of subjects provided three acceptable replicates 

at test session 1 and 95% at test session 2 (Table 4). The 

comparable percentages for the SBNW test were 78% and 

84%, respectively. 

As noted above, subjects had considerable difficulty sus

taining the minimum six-second expiratory time required 

for the MEFV curves. The median expiratory time for the 

679 MEFV curves available for analysis for test session 1 

Table 4. Distribution of Replicate Tests at Each 
Test Sessiona 

Test Session 

MEFVCurves 
Session 1 

(n = 239) 
Session 2 

(n = 237) 

SBNWCurves 
Session 1 

(n = 239) 

0 

3 (1.3) 

2 (0.8) 

16 (6.7) 

Number of Replicates 

1 2 

6 (2.5) 17 (7.1) 

1 (0.4) 10 (4.2) 

14 (5.9) 23 (9.6) 

3 

213 (89.1) 

224 (94.5) 

186 (78.2) 

Session 2 
(n=237) 

8 (3.4) 13 (5.5) 16 (6.8) zoo (84.4) 

a Values in parentheses indicate the percentage of n subjects at the test ses
sion. 

was 3.6 seconds (25th to 75th percentiles 2.5 to 5 seconds; 

range 1.1 to 10.6 seconds) (Figure 2). Of these curves, 177 

(26.1%) represented at least six seconds of expiration. 

There was a small, but significant correlation between FVC 

and expiratory time (Spearman correlation= 0.145; pvalues 

are not provided, as the data contain repeated measures for 

each subject), and there was a moderate negative correla

tion between FEF7s% and forced expiratory time (Spearman 

correlation = -0.422, p = 0.001) (Figure 3). Two possible 

explanations can be offered for this observation. 

One explanation is that this is the pattern of correlations 

that would be expected if subjects were making a maximum 

effort. As subjects made greater efforts, expiratory time 

would diminish as a larger fraction of volume was expired 

over a shorter period of time; and flows would increase. 

This increase in effort would result in greater gas compres

sion (Ingram and Schilder 1966; Krowka et al. 1987), which 

in turn could lead to the slightly lower FVC values observed 

with shorter expiratory times. 

The other explanation is that some FVC maneuvers may 

have been terminated slightly prematurely. The flow-sens

ing device used by the SensorMedics 2100 System is based 

on mass flow and not volumetric flow (technical documen

tation from SensorMedics Corp. is presented in Appendix 

B, which is available on request from the Health Effects 

Institute; see note at end of Part II). Therefore, the measured 

volume (integrated from flow), in theory, should not be 

affected by gas compression. In FVC maneuvers that termi

nated slightly prematurely, flows at specific lung volumes 

would be measured at slightly higher lung volumes than if 

the maneuver had been continued slightly longer. This 

would tend to give higher values for the flows and the 

negative correlations between flows and volume. 
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Figure 2. Distribution afforced expiratory lime in seconds for 679 individual 
MEFV curves obtained at test session 1. Each subject contributed one to three 
curves for this analysis. 
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curves for this analysis. The Spearman correlations for panels A and B are 
0.145 and -0.422, respectively. No p values are given for the Spearman 
correlations because of the multiple observations per subject. 

Nonetheless, all of the ANOV A components that adjusted 
for forced expiratory time were unchanged from those 
analyses in which the effects afforced expiratory time were 
not considered. Therefore, it is highly unlikely that the 
results have been influenced to any meaningful degree by 
the above relations; and the effect of forced expiratory time 
is not considered further. 

The sex-specific, overall distributions of the individual 
mean pulmonary function measures, based on test session 
1, are provided in Table 5; the accompanying CVs are 
presented in Table 6. Across both sexes (Figure 4), 95% of 
the CVs for FVC and FEV1 were less than 3%. For FEFz5%-
75o/o, 95% of CVs were less than 8%; and for FEF75%, the 
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comparable percentage was 14.5%. For both males and 
females L1Nz was substantially more variable than the flows 
derived from the MEFV curves (Table 6). The 95th percen
tile for L1Nz CVs was 51%, and 50% of the CVs for L1Nz were 
greater than the 95th percentile value for FEF75% (14.2%). 
The CVs were weakly correlated with the mean levels for 
each of the volumes and flows derived from the MEFV 
curves (Figure 5). However, there was a moderate negative 
correlation between the CV for L1Nz and the individual 
mean values (Figure 5; r = -0.37, p = 0.0001). 

The differences between test sessions in the mean values 
of the flows derived from the MEFV curves were small 
(Table 7). The median difference for both FVC and FEV1 
was 0.10 L overall, which represented 3% of the mean for 
both measures for both sexes. The overall median difference 
for FEFz5%-75% was 0.22 Lisee, which represented 6% of 
the female and 7% of the male means. The overall median 
difference for FEF75% was 0.17 Lisee, which represented 
10% of the female and 11% of the male means. The overall 
median difference for L1Nz was 0.20 (Table 7), which repre
sented 24% of the female and 21% of the male means. 

Overall, there was a weak negative correlation between 
each individual's mean FEF25%-75% and the mean L1Nz 
(Pearson correlation = -0.15; p = 0.03). The correlation 
between FEF75% and L1Nz was even weaker (Pearson corre
lation= -0.09; p = 0.19). For both FEFz5%-75% and FEF75%, 
the correlation with L1Nz was somewhat stronger for males 
than for females (Figure 6). 

A preliminary analysis was undertaken to determine the 
extent to which the report of chronic or acute respiratory 
symptoms affected the variance of the different tests. Sub
jects were divided into four categories based on the report 
of symptoms on either the Eligibility Questionnaire or the 

Table 5. Overall Distribution of Individual Mean 
Pulmonary Function Measuresa 

FVC [L] 

FEV1 [L] 

FEV1/FVC (%] 

FEFz5%·75% [Lisee] 

FEF75% [Lisee] 

L1Nz [%L1Nz/L] 

Males 
(n = 123)b 

4.82 ± 0.74 

4.17 ± 0.63 

86.7±6.1 

4.65 ± 1.07 

2.48±0.74 

1.02 ± 0.40 

Females 
(n=112)b 

3.56 ± 0.52 

3.10 ± 0.43 

87.5 ± 5.5 

3.67 ± 0.83 

1.90 ± 0.57 

1.12±0.51 

a Data are reported as means of individual mean values ± SD of distribution 
of means. 

h n values indicate subjects with valid observations. For l>Nz, n = 115 males 
and n = 108 females. 
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Table 6. Overall Distribution of Individual Coefficients 
of Variation (Measured in %) for Pulmonary 
Function Measures 

FVC 
Mean of meansb 
Range 
1 SDC 

FEV1 
Mean of means 
Range 
1 SD 

FEFz5o/o-75o/o 
Mean of means 
Range 
1 SD 

FEF75% 
Mean of means 
Range 
1 SD 

i1Nz 
Mean of means 
Range 
1 SD 

Males 
(n = 121)a 

1.35 ± 0.99 
0.00-7.52 

0.07 

1.20 ± 0.76 
0.14-3.88 

0.05 

3.20 ± 2.26 
0.00-12.01 

0.14 

5.80 ± 4.95 
0.00-33.96 

0.14 

17.90 ± 12.33 
0.00-58.08 

0.16 

Females 
(n = 109)a 

1.28 ± 0.80 
0.00-4.07 

0.05 

1.35 ± 0.87 
0.16-4.98 

0.04 

3.03 ± 2.22 
0.31-10.98 

0.11 

6.18±5.14 
0.30-37.40 

0.12 

19.85 ± 16.97 
0.00-92.49 

0.19 

an values indicate subjects with valid observations. For L'>Nz, n = 107 males 
and n = 104 females. 

h The mean (measured in %) of individual, unadjusted mean values ± SD of 
distribution of means. 

"The mean value of 1 SD in the units of each specific measure. 
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Figure 4. Box-plots of distributions of coefficients of variation around 
individual mean values for each measure oflung function. The middle bar 
in each box is the median, and the bottom and top ends of the box are the 
25th and 75th percentiles of the distributions. Lines extending from the box 
have the approximate interpretation as the bounds of ± 2 SD. Diamonds 
indicate data points that have the approximate interpretation of± 3 SD. 

PFT Eligibility Form administered at each test session. No 
symptoms were reported on either questionnaire by 134 

(56.1%) of the subjects, 59 (24. 7%) reported at least one 
symptom on the Eligibility Questionnaire, 33 (13.8%) re
ported at least one symptom on the PFT Eligibility Form at 
the time of testing, and 13 (5.4%) reported symptoms on 
both questionnaires. 

In these preliminary analyses, no adjustments were made 
for sex, ethnicity, height, or area ofresidence, none of which 
affected the estimates of the variance components (see 
below). The report of symptoms had virtually no effect on 
the magnitude of the variance components for any measure 
of pulmonary function (Table 8). The percentage of vari
ance of FEV 1 contributed by test session ranged between 
1.5% and 1.8%; the within-subject percentage of variance 
was 0.5% for all subject groups. The percentage of variance 
of FEFz5o/o-75% contributed by test session ranged between 
3.6% and 3.8%, and within-subject variability ranged be
tween 2.0% and 2.2%. Percentage ranges for FEF75o/o (5.3% 

to 6.1% and 4.5% to 4.8%) and i1Nz (7.4% to 8.8% and 
15.6% to 16.7%) also were quite narrow. In view ofthis lack 
of effect of symptom reporting on variance components, all 
further analyses excluded consideration of symptoms. 

A series of analyses were undertaken to determine the 
effects of sex, ethnicity, and area of residence on the com
ponents of variance. There was no significant difference in 
the distribution of males and females between LAB and 
SFBA, although more males did come from SFBA relative 
to females (56.2% males and 43.8% females from SFBA; 
x2(1) = 1.53, p = 0.22). However, subjects who listed their 
ethnicity as Asian or Pacific Islander were significantly 
more likely to be residents of SFBA (66.7% SFBA versus 
48.1% LAB; x2(1) = 8.20, p = 0.004). Males and females were 
equally likely to be of Asian or Pacific Islander ethnicity 
(54.3% males versus 58.3% females; l(1) = 0.43, p = 0.51). 
Variance components were very similar between the sexes 
and between areas of residence for measures derived from 
the MEFV curves and for i1Nz (Table 9). 

In the case of ethnicity, variance components were very 
similar for FEV1, FEFz5o/o-75o/o (Table 9), and FVC (data not 
shown). In each case, for subjects of Asian or Pacific Is
lander ethnicity, the variability between test sessions and 
the within-subject variability were slightly greater. There 
was less similarity for FEF7so/o and for i1Nz, but there was 
no consistency in the direction of the differences (Table 9). 
The large difference in the percentage of within-subject 
variance for i1Nz (15.1% Asian or Pacific Islander versus 
25.5% other) is more likely to be due to the inherent 
variability of this test than to the heterogeneity of subjects 
in the "other" category (69 white, 30 Hispanic, 6 African 
American, and 10 other), as the direction of the difference 
is opposite to that observed for FEF7so/o. which also is a 
measure of small airway function. 
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The overall estimation of the components of variance 
was based on a mixed linear model with area of residence, 
sex, ethnicity, and height as fixed effects and test session 
and individuals as random effects. Once height was in
cluded in the model, age was never a significant factor and 
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therefore was not included. Area of residence was not a 
significant factor for any of the estimates of variance com
ponents of lung function but was retained for all adjusted 
models. As expected, female sex was associated with lower 
levels of parameters derived from the MEFV curves. There 
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Figure 5. Relation of coefficients of variation to individual mean levels 
of lung function. Each subject contributed only one observation to the data. 
(A) Relation of CV to FVC: n = 231, Pearson correlation= 0.06, p = 0.37. 
(B) Relation of CV to FEF,s%: n = 231, Pearson correlation= -0.09, p = 0.16. 
(C) Relation ofCV to FEFzs%-7s%: n = 231, Pearson correlation= -0.13, p = 0.05. 
(D) Relation of CV to FEV,: n = 231, Pearson correlation= -0.14, p = 0.03. 
(E) Relation ofCV to L'.Nz: n = 210, Pearson correlation= -0.37, p = 0.0001. 
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Table 7. Absolute Differences Between Test Sessions 1 and 2 in Mean Values for Pulmonary Function Measures 

FVC FEV1 FEFzs%-75% 
Value [L) [L) [Lisee) 

na 234 234 234 

Mean± SD 0.14 ± 0.14 0.12 ± 0.10 0.26 ± 0.23 

Median 0.10 0.10 0.22 

25th-75th 
percentile 0.04-0.19 0.05-0.16 0.09-0.36 

Range 0.00-1.33 0.00-0.62 0.00-1.38 

a Number of subjects with at least two acceptable replicates at both test sessions. 
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was not a significant sex difference for LlNz. Ethnicity was 
not significantly associated with FEFzso/o-75% or FEF75o/o, 
but subjects with Asian or Pacific Islander ethnicity had 
significantly lower levels of FVC and FEV 1 and a higher 
value for LlNz. 

Table 10 presents the estimates of the components of 
variance for each measure of lung function after adjustment 
for area of residence, sex, ethnicity, and height. In all cases, 
the percentage of variance contributed by test session was 
less than 1%. For FVC and FEV 1, the variance due to 
within-subject variation was 3.6% and 3.0%, respectively, 
when test session variance was not explicitly controlled in 
the model. For FEFz5o/o-75o/o and FEF75o/o, the comparable 
within-subject variance was 5.4% and 9.0%, respectively. 
In contrast, the within-subject variance for fi.Nz was 23.9%. 

Table 11 provides standard errors for the variance esti
mates from the model in which test session was not included. 
As most studies do not have short-interval test-retest data, 

Part I: Variability ofPuhnonary Function Measures 

these estimates of precision are most relevant (and are 
essentially identical to those obtained from models in 
which the effects of test session are included). Estimates of 
the between-subject variance components were highly pre
cise. For all measures of function, the between-subject 
variance estimate was at least 10-fold greater than the stand
ard error of the estimate, and was at least 20-fold greater in the 
case of the within-subject variance estimates. 

Table 12 provides estimates of the CVs for all subjects 
(between-subject CV). Between-subject CVs based on single 
maximum values for each measure of function (Table 12), 
such as are often presented in epidemiologic studies, are 
very similar to those obtained from the analysis that uses 
all of the replicates and adjusts for differences in ethnicity, 
height, and area of residence for the measures derived from 
the MEFV curve. For LlNz, the between-subject CV is sensi
tive to the method by which the variance is estimated. 

Table 8. Effect of Symptoms on Components of Variance for Selected Pulmonary Function Measuresa 

Model Restricted To 

Subjects Without Subjects Without 
Symptoms and Symptoms and 
Subjects with Subjects with 

Subjects Without Symptoms on Test Symptoms on 
All Subjects Symptoms Session Questionnaire Either Questionnaire 

(n = 235) (n = 131) (n = 135) (n = 225) 

FEV1 
Between subjects 97.7 97.8 97.9 97.8 
Between sessions 1.8 1.5 1.6 1.7 
Within subject 0.5 0.5 0.5 0.5 

FEFz5o/o-75o/o 
Between subjects 94.1 94.1 94.3 94.3 
Between sessions 3.8 3.7 3.6 3.6 
Within subject 2.1 2.2 2.1 2.0 

FEF7so/o 
Between subjects 90.3 89.0 90.2 90.2 
Between sessions 5.2 6.1 5.3 5.3 
Within subject 4.5 4.8 4.6 4.5 

fi.Nz 
Between subjects 75.9 76.4 74.6 76.0 
Between sessions 8.3 8.0 8.8 7.4 
Within subject 15.8 15.6 16.7 16.6 

"Variance components were estimated with nested random effects ANOVA (PROC NESTED procedure of SAS) and without adjustment for potential covariates; data for FVC are not presented because they were very similar in magnitude to those for FEV1 . For each group, n values reflect the number of subjects who contributed MEFV curves. Values are presented as the percentage of total variance; limited to subjects with more than one replicate at each test session. 
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Table 9. Effect of Sex, Ethnicity, and Area of Residence on Components of Variance for Selected Pulmonary 

Function Measures 3 

Sex Ethnicity Area of Residence 

Asian/Pacific Los Angeles San Francisco 
Male Female Islander Other Basin Bay Area 

FEV1 
Between subjects 95.7 94.6 97.1 97.9 97.3 98.1 

Between sessions 3.4 4.0 2.3 1.6 2.1 1.4 

Within subject 0.8 1.3 0.6 0.5 0.5 0.5 

FEFzs%-75% 

Between subjects 92.6 92.4 92.9 95.0 94.2 93.9 

Between sessions 4.8 4.8 4.3 3.4 3.8 3.9 

Within subject 2.5 2.8 2.7 1.6 2.0 2.2 

FEF7s% 

Between subjects 88.2 88.9 87.3 93.1 89.5 91.1 

Between sessions 6.7 4.8 7.4 3.1 6.1 4.2 

Within subject 4.8 6.3 5.3 3.8 4.5 4.7 

L1Nz 

Between subjects 72.3 77.8 74.0 67.1 75.1 76.1 

Between sessions 9.1 7.9 10.9 7.3 7.7 9.1 

Within subject 18.5 14.3 15.1 25.5 17.1 14.9 

a Variance components were estimated with nested random effects ANOV A (PROC NESTED procedure of SAS) and without adjustment for potential covariates; 

data for FVC are not presented because they were very similar in magnitude to those for FEV1. Values are presented as the percentage oftotal variance; limited 

to subjects with more than one replicate at each test session. 

Table 10. Components of Variance of Pulmonary Function Measures Adjusted for Sex, Ethnicity, Area of Residence, 
and Heighta 

Component 
of Variance FVC FEV1 FEFzs%-75% FEF7so/o L1Nz 

Test session 0.0 0.1 0.7 0.2 0.0 

Between subjects 96.0 96.8 95.0 91.1 76.0 

(96.3) (97.0) (94.6) (91.0) (76.1) 

Within subject 4.0 3.2 5.2 8.9 23.9 

(between replicates) (3.6) (3.0) (5.4) (9.0) (23.9) 

a Variance components were estimated with mixed linear model (PROC MIXED procedure of SAS). Values are presented as the percentage of total variance; 

values in parentheses reflect the percentage of total variance from the model with effect of test session unspecified. 

15 



Part I: Variability of Pulmonary Function Measures 

Table 11. Standard Errors of Variance Components Estimates for Pulmonary Function Measures Adjusted for Sex, 
Ethnicity, Area of Residence, and Heighta 

FVC FEV1 FEFz5%-75% FEF75% L'INz 

Component Variance Variance Variance Variance Variance of Variance Estimate SEE Estimate SEE Estimate SEE Estimate SEE Estimate SEE 

Test 
session 0.000 NA 0.003 0.0004 0.007 0.009 0.0008 0.001 0.000 NA 

Between 
subjects 0.378 0.036 0.279 0.026 0.905 0.084 0.437 0.041 0.166 0.017 

Within 
subject 0.016 0.0007 0.009 0.0004 0.048 0.002 0.043 0.002 0.052 0.002 (between 
replicates) 

a Variance components were estimated with mixed linear model (PROC MIXED procedure of SAS). Values given are the variance estimate and the standard error of the estimate (SEE). NA = not applicable. 

Table 12. Between-Subject Coefficients of Variation for Pulmonary Function Measures Adjusted for Sex, Ethnicity, Area of Residence, and Heighta 

FVC 
CV based on total adjusted variance from mixed model 
CV based on between-subject variance from mixed model 
CV based on single maximum value from each subject 

FEV1 
CV based on total adjusted variance from mixed model 
CV based on between-subject variance from mixed model 
CV based on single maximum value from each subject 

FEFz5%-75% 
CV based on total adjusted variance from mixed model 
CV based on between-subject variance from mixed model 
CV based on single maximum value from each subject 

FEF75% 
CV based on total adjusted variance from mixed model 
CV based on between-subject variance from mixed model 
CV based on single maximum value from each subject 

L'INz 
CV based on total adjusted variance from mixed model 
CV based on between-subject variance from mixed model 
CV based on single maximum value from each subject 

Males Females 

14.9 14.2 
14.6 14.0 
15.5 14.7 

14.6 14.0 
14.4 13.8 
15.1 13.8 

23.6 25.6 
23.0 24.9 
22.6 22.7 

35.4 36.6 
33.8 34.9 
29.5 31.4 

37.2 36.1 
32.1 31.7 
36.6 42.6 

a Adjusted means and estimates of variance were derived from a mixed linear model (PROC MIXED procedure of SAS), and are presented as percentages. 
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DISCUSSION 

The subjects selected for this study represent a conven

ience sample of adolescents who might be considered as 

subjects for a study on the effects of lifetime exposure to 

ambient ozone concentrations on measures oflung function 

that reflect the major site of deposition of ozone in the lung 

(small airways). We selected subjects who had charac

teristics that would maximize our ability to distinguish the 

effects of ambient air pollution from the effects of other factors, 

such as a history of smoking tobacco or other materials (for 

example, marijuana), or the presence of active asthma, any of 

which could lead to alterations in the distribution of levels 
and variability measures of small airway function. 

The overall lifetime 10.5% prevalence of asthma in this 

sample (Table 2) is similar to that observed in a prospective 

study of children and adolescents over a range of ages that 

includes the age distribution of the current study subjects 

(Carey et al. 1996). No subject in the present study had had 

symptomatic asthma since childhood, and no subject had 

smoked as much as one cigarette a day form ore than one year. 

As the questionnaire that was used to evaluate the subjects 

was a test instrument for a companion feasibility study on 

the assessment of lifetime exposure to ambient ozone, data 

for passive exposure to the products of cigarette tobacco 

smoke (either prenatal or postnatal) were not evaluated. 

Therefore, any small effect of this exposure on variability 

is not accounted for in this analysis. Because passive expo

sure to tobacco smoke products is associated with small 

effects on lung function (U.S. Environmental Protection 

Agency 1992a), it is possible that the adjusted estimates 

presented for between-subject variances may be slightly 

larger than estimates that reflect adjustment for such pas

sive exposure. 

Although the protocol was designed to minimize extrinsic 

factors that might affect the components of variance, sub

jects who may have experienced acute respiratory events 

within the week before each test session were not excluded, 

nor were their test sessions postponed (Table 3). This strat

egy may have increased slightly both the between-subject 

and within-subject variances, although the data presented 

do not provide strong support for this possibility (Table 8 

and see below). The strategy reflects the very realistic study 

situation in which it is not feasible or desirable to exclude 

subjects or postpone testing on this basis, due to the fre

quency of such events (loss of subjects and difficulty of 

study planning) and to the unwillingness of subjects to 

reschedule test sessions. These variance estimates provide 

more realistic estimates for study planning than if a more 

"purist" strategy had been followed. Therefore, the variabil-

ity estimates that have been derived are those to be expected 

in a typical adolescent population without known pulmo

nary disease, with minimal exposure to tobacco products 

through personal use, and subject to the usual acute respi

ratory events that are known to have transient effects on 

lung function at the time oftesting (Picken et al. 1972; Blair 

et al. 1976; Leeder et al. 1977; Hallet al. 1978). 

The principal measures of lung function that have been 

selected for evaluation are those that reflect the function of 

small peripheral airways-FEF75% and to a lesser extent 

FEF25%_75% and L'.Nz (Cosio et al. 1977; Petty et al. 1980; 

Hyatt 1983; Bates 1992). The physiologic underpinnings for 

the flows at low lung volumes are generally accepted to be 

well understood (Hyatt 1983). In contrast, some uncertainty 

exists about the interpretation of SBNW curves. Paiva and 

colleagues (Muylem et al. 1992) failed to find a relation 

between L'.N2 and pathology of the respiratory bronchioles. 

On the basis of theoretical models, these authors suggested 

that interregional convection-dependent inhomogeneities 

(related to gravity-dependent pleural pressure gradients and 

inhomogeneous elastic recoil of the lung) and the interac

tion of diffusion and convection at airway branch points are 

responsible, in part, for some of the variation in L'.Nz (Paiva 

and Engel 1987). Active gas exchange also has been sug

gested to affect L'.Nz even at rest (Cormier and Belanger 

1981). 

Nonetheless, the general consistency of the association 

between alterations in L'.Nz and small airway pathology ob

served in other studies (Bates 1992) makes this measure of 

potential interest. Furthermore, although hampered by a 

number of methodologic problems, the UCLA population 

studies of chronic obstructive pulmonary disease generated 

data showing that L'.Nz was a more sensitive indicator of 

oxidant and other air pollutant effects in children and 

adolescents followed for five to six years than were flows 

derived from the terminal portion of the MEFV curve (De

tels et al. 1987, 1991). This is in contrast to data from a study 

of 92 children, aged 10 to 16 years, in whom L'.Nz was less 

able to discriminate passive exposure to parental smoking 

than was instantaneous flow at 50% of FVC (FEF5oo/o), a 

difference largely related to the greater variance of L'.Nz 

(Teculescu et al. 1986). 

Relatively few data are available from population-based 

studies of the effects of chronic exposure to ambient ozone 

on measures that may relate to events at the level of pre

sumed ozone-induced small airway pathology. One large 

population-based study in Canada of children aged 7 to 11 

years found no overall association between residence in a 

high-oxidant environment and level ofFEFz5%-75o/o· Among 
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the asthmatic subjects, there was a 6% reduction in the 
FEFz5o/o-75% level for those exposed to the high-oxidant 
environment, but the difference did not achieve statistical 
significance (Stern et al. 1994). Kinney and coworkers 
(1992) studied 154 cadets entering West Point and found 
lower levels of FEFz5%-75% in those whose permanent 
residence was in a high-oxidant environment on the West 
Coast of the United States. The differences were larger 
(based on residuals from linear regression) than for FVC and 
FEV 1 but failed to reach statistical significance owing to the 
much larger residual, between-subject variability. The only 
data that relate to long-term ozone effects on ~N2 are those 
of the UCLA studies cited above. 

Only the exposure-chamber study of Weinmann and 
colleagues ( 1995a,b,c) has carefully investigated the rela
tion of acute ozone exposures to changes in small airway 
function. To provide a more accurate measure of small 
airway responses, FEFz5%-75% was corrected for the FVC 
reductions associated with ozone exposure. In addition, the 
ratio of FEFz5%-75% to FVC was evaluated. This ratio has 
the units of the reciprocal of time (1/time) and can be 
interpreted as an indirect estimate of the reciprocal of the 
time constant of the lung (Tager et al. 1986). The authors 
observed decrements in FEFz5%-75% that were always 
larger than those for FVC and FEV1 but also were much 
more highly variable. Moreover, the FEFz5%-75% decre
ments were significantly more likely than those for FEV1 to 
persist after 24 hours (Weinmann et al. 1995c). The ratio of 
FEFz5o/o-75% to FVC also was decreased, which may reflect 
an overall increase in the time constant of emptying the 
lung as a consequence of acute small airway responses 
(Weinmann et al. 1995c). 

Given the relatively small magnitude of effect on meas
ures of small airway physiology that is likely to be observed 
in population-based studies (Detels et al. 198 7, 1991; Stern 
et al. 1989) and the greater reported between-subject vari
ability (Knudson et al. 1976) and within-subject variability 
of measures of flows over the middle and terminal portions 
of the MEFV curve (McCarthy et al. 1975; Hutchison et al. 
1981), it is essential for the purposes of study planning to 
have estimates of the variance of these measures that are 
both reliable and precise. Moreover, given the more strin
gent equipment and protocol demands (time, subject coop
eration, and lack of portability) for the SBNW test and the 
uncertainty about the factors that govern ~Nz, it is impor
tant to evaluate precisely the variability of this measure in 
relation to flows derived from the more easily obtained 
MEFV curve. 

In general, subjects were better able to perform the pro
tocol for obtaining the MEFV curves, despite the addition 
of the more stringent peak flow requirement, than the 
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SBNW test protocol. At test session 1, 96% of subjects could 
produce at least two acceptable MEFV curves compared 
with 88% for SBNW curves (Table 4). At test session 2, which 
would correspond to a follow-up visit in an epidemiologic 
study, only 3 subjects (1.2%) could not produce at least two 
acceptable MEFV curves compared with 21 subjects (8.9%) 
who could not provide two measures of ~Nz. Thus, all other 
issues being comparable, SBNW is likely to result in more 
missing data, which has implications for study efficiency 
and data analysis. 

The mean, sex-specific within-subject CVs for volumes 
and flows (unadjusted for height) derived from the MEFV 
curves (Table 6) cannot be compared with those in any large 
population studies because individual CVs are not re
ported. However, a number of small studies provide data 
for comparison. Hutchison and coworkers (1981), in a study 
of 39 subjects aged 10 to 16 years, found average individual 
CVs for FVC of approximately 3% for measurements made 
over 4 days and over 57 days (derived from visual inspec
tion of their Figure 1; actual values were not given). For 
FEFz5%-75%, the comparable CVs were approximately 10% 
to 11%. In the Hutchison study, the variability of FEF75% 

(limaxVC25 in their study) appeared to be somewhat less 
than for FEFz5%-75o/o, although CVs for the former are not 
given. Of particular note was the lack of a statistically signifi
cant correlation between ~Nz and either of the two flow 
measures (actual correlations were not given), an observa
tion that is consistent with the weak correlations observed 
in this study. 

In a group of healthy subjects aged 18 to 50 years studied 
weekly for 10 weeks, McCarthy and coworkers (1975) ob
served a mean CV for FEFz5%-75% of approximately 12% 
(range 7% to 22%, derived from visual inspection of their 
Figure 2; no numerical data were provided). This group 
included those smokers whose CVs did not appear different 
from those of nonsmokers. Estimates for FEF75% (Vz5 in 
McCarthy et al. 1975, Figure 2) and FEV1 were 16% (range 
10% to 30%) and 7% (range 2% to 14%), respectively. 
These results were similar to those obtained for subjects 
tested 10 times in one dav (McCarthy et al. 1975). The 
means and ranges are larger than those observed in the 
present group owing to greater heterogeneity of age and 
smoking history in the McCarthy data. 

In a group of 15 healthy adults aged 25 to 52 years, Rozas 
and Gold'man (1982) reported CVs that ranged from 1.1% 
to 7.6% for FEV 1 with a mean of 2.8% (± 1. 7%). In a small 
study of children by Teculescu and coworkers (1987), the 
average differences of mean FVC measurements (from three 
replicates) obtained one hour and two weeks apart were 
1.6% (± 1.2%) and 3.0% (± 2.4%), respectively. The two
week percentage is identical to that obtained in the present 
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study for a one-week interval. Burki and coworkers (1975) 

provided the distribution of the CVs for vital capacity 

obtained during replicates of the SBNW test in 22 subjects 
of mean age 26.4 years(± 4.4 years). The mean CV was 2.4% 

(± 1.5%) with a range of 0.2% to 5.9%. 

Finally, Kiinzli and colleagues (1995), in a study of 13 

healthy, nonsmoking subjects whose average age was 24 

years, observed average individual CVs for FVC of2.7% and 

3.3%, in separate evaluations of technician effects and 

machine effects, respectively, and CVs for FEV1 of2.0% and 

2.2%, respectively. Thus, from the crude individual data, 

it appears that the current protocol has produced results for 

parameters derived from MEFV curves that are at least as 

precise, and perhaps more so, than those in other studies. 

The means of the distribution of the within-subject CVs 

for ~2 (Table 6) were similar to those reported in the study 

of McCarthy and coworkers (1975) (mean approximately 

21 %), but the distribution was somewhat more spread out 

in the current study. Teculescu and colleagues (1987) 

evaluated the variability of parameters from the SBNW test 

in 48 children aged 10 to 16 years selected at random from 

a population-based epidemiologic study. Tests to obtain 

SBNW curves were repeated either one hour or one week 

after the initial test. For three consecutive, acceptable rep

licates for ~Nz, individual CVs ranged from 1.1% to 27.1% 

with a mean (± SD) of 12.9% (± 6.3%). Individual CVs for 

FVC in this group had a mean of 2.2% (± 1.3%). 

Mean individual CVs for ~N2 of approximately 23% and 

25% were presented by Hutchison and coworkers (1981) 

for replicate tests made over 4 days and 57 days, respec

tively; ~N2 was obtained by a hand-drawn line through 

phase III of the SBNW curve (anchor volumes not speci

fied). Marcq and Minette (1976) provided data from 11 

nonsmokers (ages not given) who were selected because 

they had been trained to perform the SBNW test. Subjects 

were studied five times in one day and produced three 

replicates at each test time. The mean CV for 6Nz was 12.5% 

(± 5.5%) with a range from 4.3% to 21.4%. 

Therefore, on the basis of published data, it appears that 

the within-subject variability tends to be greater for our 

sample, although it is less than that in the one study whose 

subjects are closest to ours in age (Hutchison et al. 1981). 

To some extent, the difference could be related to the choice 

of algorithm to measure ~N2. The data from that study are 

derived from a least-squares linear regression of smoothed 

data between the 750-mL and 1250-mL volume points on 

the SBNW curve. Both McCarthy and associates (1975) and 

Teculescu and associates (1987) derived ~N2 as the slope 

of the line between 70% of vital capacity and the onset of 

phase IV (closing volume) of the SBNW curve. Marcq and 

Minette (1976) derived ~N2 from a hand-fitted straight line 

through the "last two-thirds of phase III," and Hutchison and 

associates (1981) used a hand-drawn line without further 

specification. All these studies appear to have followed 

quality control procedures similar to those of the present 

study, which appear to be even more stringent. Thus, it is 

possible that the results we present provide a slight overes

timate of an "ideal" distribution of variance. 

Although subjects were screened to minimize the pres

ence of active chronic respiratory symptoms, a number of 

subjects did report the presence of chronic symptoms or a 

history of asthma in childhood (Table 2). The presence of 

such a history had no effect on the distribution of variance 

(Table 8). Similarly, the report of common acute respiratory 

symptoms in the 72 hours preceding any test session (Table 

3) had no effect on the distribution of variance (Table 8). 

Neither sex nor area of residence appeared to have a large 

effect on the variance components (Table 9). In terms of 

ethnicity, the percentage of within-subject variability was 

substantially greater for the "other" category, which repre

sents a heterogeneous group in terms of race or ethnicity-a 

situation that would be expected to increase the percentage 

of between-subject variation, if it had any effect. As neither 

the report of symptoms (past and before-test-session) nor 

the sex distribution differed by ethnicity classification, 

there is no obvious explanation for this difference. 

The overall estimates of the variance components indi

cate that the variance contributed by test session is negli

gible for a period between sessions as short as five to seven 
days for all measures of pulmonary function evaluated 

(Table 11). Only Becklake and colleagues (1975) provided 

an analysis that can be compared directly with these results. 

Thirteen subjects, who ranged in age from 24 to 63 years 
(nine over age 40, three of whom were active smokers), were 

evaluated on two occasions one week apart (three accept
able replicates per session). In their study, ~2 was derived 

from a line "fitted by eye to the alveolar plateau after the 

first 25% to 30% of VC [vital capacity] had been expired." 

(There was no statement as to how many persons made the 

measurements.) Between-day (within-subject) variance 

represented 16.6% ofthe total variance of ~N2. By contrast, 

between-day variance for vital capacity (obtained during 

the SBNW test) represented only 1% of the total variance, 

which is in keeping with FVC data for this study. It is highly 

likely that a major portion of the difference in the estimates 
for between-day variance for ~N2 in the Becklake data is a 

consequence of the hand method used for calculation. 

As expected, the percentage of variability due to within

subject variability for FVC and FEV1 (Table 10) was less 
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than that for FEF25%-75% and FEF75%· In the case of 
FEF25%-75%, the percentage was only minimally greater 
than that for the volume measures. Although no published 
data are available for direct comparison, the mean absolute 
values of the FVC and FEV 1 given in Table 6 are very similar 
to data provided for older subjects (Tweeddale et al. 1984; 
Enright et al. 1995). Studnicka and colleagues (1990) pro
vided estimates of variance components for several meas
ures derived from MEFV curves for 392 children aged 7 to 
10 years. The health status of the subjects was not provided. 
Estimates based on five-minute repetitions showed within
subject variance components for FVC, FEV1, FEF5o% (ap
proximately related to FEF25%-75%), and FEF75% of 8%, 
5%, 11%, and 22% (derived from reliability coefficients 
presented by the authors as 1-{within-subject variation/to
tal variation}). In the present analysis the within-subject 
variance component for the flow measures is considerably 
smaller than that found by Studnicka, a difference that 
could be due to better cooperation among the older subjects 
in this study. 

In contrast to the volumes and flows from MEFV curves, 
the percentage variation of L'lN2 contributed by within-sub
ject variation was large (Table 10). The within-subject vari
ance of 23.9% is remarkably similar to the estimate of 
25.3% that can be derived from Table 3 of Becklake and 
associates (1975). 

The discussion thus far has focused on the inherent 
variability of the various measures that relate to small 
airways. Such estimates are of obvious importance for study 
efficiency and its relation to sample size (see below). An 
equally important aspect of studies of reliability relates to 
their use in estimating the validity (lack of bias) of a meas
ure when a true standard is not available (Armstrong et al. 
1994). Equation 1 presents the basic model that relates the 
correlation of a true measure to its observed value: 

2 cri cr~ 
PTX =1-----z=----z, 

<Jx <Jx 
(1) 

where prx is the correlation of the true measure (n with 
observed (X) (which equals the validity coefficient); cr2r is 
the variance of the true value across subjects; cr2 x is the 
variance of the observed value across subjects; and cr2E is 
the variance within subjects. 

The correlation known as the validity coefficient is the 
proportion of variance of the observed measure (measure 
observed with error) that is explained by the true measure. 
By expanding this relation, the reliability of a measure can 
be related to its validity. 

The basic assumptions of this relation (model of parallel 
tests [Armstrong et al. 1994]) are the following: the correla
tions between the true measure and within replicate errors 
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of the observed measure are equal to zero; the variances of 
the errors of the replicates are equal; and the errors between 
replicates are uncorrelated (Armstrong et al. 1994). Under 
these assumptions, the validity coefficient equals the 
square root of the correlation between any two measures of 
X(for example, any two replicates ofFEF75%): 

2 2 cry crE 2 2 
Px1 X2 = - 2 - = 1 - - 2 - = P rx, = P rx, , 

(J x, (J x, 

thus, Prx, = Prx, = fPx,x, , (2) 

where X1 and X2 are replicate measures. The assumption of 
lack of correlation of the errors (for each replicate within a 
subject) is probably the least tenable of the three assump
tions and is the condition that leaves most uncertain the 
correlation between the true and measured values. In the 
situation of correlated errors, the correlation between rep
licates of a measure can be expressed as the ratio of the 
between-subject variance to the total variance of the meas
ure (between-subject variance component in Table 10), and 
the square root of the correlation of the replicate measures 
represents the upper bound of the validity coefficient. How
ever, no lower bound can be specified in this situation 
(Armstrong et al. 1994). 

Table 13 presents estimates of the correlation of the true 
value of each measure of pulmonary function and the 
observed value. For volumes and flows, the upper bound of 
the estimates of this correlation is extremely high. For L'lN2 
the estimated correlation is substantially less. Therefore, 
even if all of the assumptions of the parallel test model 
could be met, the validity of any estimates of L'lN2 in any 
study will always be more suspect than for flows at low lung 
volumes. Consequently, any inference about ozone effects 
on peripheral airways based on L'lN2 not only will be less 
precise than that based onFEF25%-75% and FEF75%, but also 

Table 13. Estimates of Correlation Between True and 
Measured Values of Pulmonary Function Measures 

FVC 
FEV1 
FEF25%-75% 
FEF75% 
L'lN2 

Estimated Correlation Between 
True and Measured Valuea 

l~xl 

0.980 
0.984 
0.974 
0.954 
0.871 

a The estimates are based on parallel test assumptions. See the text for 
specifications of the parallel test model and the definition of correlation. 
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will be subject to greater concerns about the accuracy (lack 

of bias) of the actual measurements. This problem with 

inference is magnified in longitudinal studies because the 

imprecision will diminish the ability to discriminate 

among groups with differing exposures, and the degree of 

potential bias may differ from survey to survey. This latter 

problem is not directly measurable and, therefore, compro

mises confidence in the inferences made. With regard to the 

flow measures, PTX for FEFz5%-75% is nearly identical to 

that for FVC and FEV 1 and only minimally different from 

that for FEF75%· Given the data of Weinmann and col

leagues (1995b) in conjunction with the data cited above 

that relate to ozone dosimetry and ozone-induced changes 

in the centriacinar region of the lung, FEFz5%-75% is an ideal 

measure for evaluating long-term effects in epidemiologic 

studies from the point of view of validity. This view is 

further enhanced when issues of sample size are taken into 

account. 

The variability of the measures of lung function has 

obvious implications for sample size in epidemiologic stud

ies (Armstrong et al. 1994). In cross-sectional studies, in 

which within-subject variability often is ignored, using 6Nz 

as an outcome can be expected to require larger sample 

sizes than using FEFz5%-75% and will probably require 

larger samples than using FEF75% (Table 12). However, if 

one takes into account the effects of within-subject variabil

ity (measurement error), both flow measures are clearly 

superior to L'.Nz, as the effective sample size needed to 

detect a given difference between two exposure groups is 

related to {1/p~xl (Armstrong et al. 1994). According to 

Table 13, for a comparable percentage of difference, a 

cross-sectional study based on 6Nz would require approxi

mately 13% more subjects than one based on FEFz5%-75% 

and 9.5% more than one based on FEF75%· A cross-sectional 

study based on FEF75% would require approximately 2% 

more subjects than one based on FEFz5%-75%· 

The relative disadvantages of L'.N2 with regard to sample 

size are equally apparent for the planning of longitudinal 

studies. In the case of estimating a simple rate of change 

with time (slope), both within-subject and between-subject 

variances are required to estimate the variance of the slope. 

The effects in this simple case are obvious by inspection of 

the formula derived by Schlesselman (1973); 

1\ ( 2 12 • ()~ • ( p - 1 )) 
Var W) = cr~ + ~ , 

if • P • (P 1) 
(3) 

where ~ is the estimated rate of change of lung function, 

cr~ is the between-subject variance, cr; is the within-subject 

variance, Dis the duration ofthe study, and Pis the number 

of measurements. The substantially greater within-subject 

variability of L'.Nz compared with FEFz5%-75% (approxi

mately 4.5-fold relatively greater contribution to total vari

ance; see Table 10) or FEF75% (approximately 2.5-fold 

relatively greater contribution to total variance; see Table 

10) would have a considerable effect on the variance of the 

estimated rate of change, and through this on the sample 

size that would be required to evaluate changes over time 

between groups living in different ambient ozone environ

ments. 

As noted in the Introduction, the motivation for this 

reproducibility study relates to interest in identifying func

tional correlates of alterations in peripheral airways that 

could be related to chronic effects of ambient ozone expo

sure and the desirability of conducting such a study in 

adolescents and young adults (Bates 1993). Two studies on 

the effects of passive and direct exposure to tobacco smoke 

in children illustrate the likely problems that could be 

created by the low precision of measurements of L'.Nz (and 

to some extent FEF75%l relative to flow measures in a study 

of adolescents. In a study of 92 children between ages 10 

and 16, passive exposure was associated with a significant 

decrease in FEFz5%-75o/o. but not in L'.Nz (or FEF75%l. despite 

the fact that the percentages of change were similar for all 

measures. Moreover, only 76 (83%) of the subjects could 

provide valid data for L'.Nz; flow data were available for all 

children. A study of the functional consequences of direct 

exposure through personal cigarette smoking in 628 secon

dary school students was only minimally more efficient 

than FEF5o% in distinguishing smokers from nonsmokers 

(Adams et al. 1984). 

CONCLUSIONS 

This study has demonstrated that it is feasible to obtain 

flows from the middle and terminal portions of the MEFV 

curve that are sufficiently precise to use in epidemiologic 

studies of the effects of prolonged exposure to ozone on 

measures of lung function that reflect the physiology of 

peripheral airways. From the point of view of precision, 

FEFz5%-75% appears to be the optimal measure, although it is 

somewhat less desirable than FEF75% because it includes 

flows over the effort-dependent part of the FVC maneuver. 

Although FEF75% is less precisely measured than FEFz5%-75%. 

the differences are small, and the costs in terms of efficiency 

in either cross-sectional or longitudinal studies should be 

small. Furthermore, both FEFz5%-75% and FEF75% can be 

obtained easily from the same forced expiratory maneuvers 

on modern, computerized spirometers. In contrast, L'.Nz 

does not seem well suited for such studies. The measure is 

much less precise than flow measures. The SBNW test 
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requires more complex equipment, and subjects are less 
likely to be able to produce usable data. Moreover, the 
advantages of LlN2 over flows from the terminal portion of 
the MEFV curve have not been conclusively demonstrated 
(McCarthy et al. 1976; Cosio et al. 1977). 
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Los Angeles Basin 

maximum expiratory flow-volume 
(curve) 
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Effects of Prolonged Ozone Exposure 
Part II: An Approach to Retrospective Estimation of Lifetime Ozone Exposure 
Using a Questionnaire and Ambient Monitoring Data (California Sites) 
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ABSTRACT 

An extensive body of data supports a relation between 

acute exposures to ambient ozone and the occurrence of 

various acute respiratory symptoms and changes in meas
ures of lung function. In contrast, relatively few data are 

available on the human health effects that result from 

long-term exposure to ambient ozone. Current efforts to 

study long-term ozone-related health effects are limited by 

the methods available for ascertaining lifetime exposures 

to ozone. 

The present feasibility study was undertaken as part of 

the Health Effects Institute's Environmental Epidemiology 

Planning Project (Health Effects Institute 1994) to (1) deter

mine whether, in the context of an epidemiologic study, 

reliable estimates can be obtained for lifetime exposures to 

ozone by combining estimates from lifetime residential 

histories, typical activity patterns during life, and resi

dence-specific ambient ozone monitoring data; (2) identify 

the minimum data required to produce reliable estimates of 

lifetime exposure; and (3) analyze the relations between 

various estimates of lifetime ozone exposure and measures 

of lung function. 

A convenience sample of 175 first-year students at the 
University of California, Berkeley, who lived all of their 

lives in selected areas of California (the Los Angeles Basin 

or the San Francisco Bay Area), were studied on two occa

sions (test and retest or test sessions 1 and 2), five to seven 
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days apart. Residential and lifestyle data were obtained 

from a questionnaire: residence-based ambient ozone expo

sure values were assigned by interpolation of ambient 
ozone monitoring data to residential locations. Estimated 

lifetime exposure was based on average ozone levels be

tween 10 a.m. and 6 p.m. and hours of exposure to ozone 

concentrations greater than 60 parts per billion (ppb) *. "Effec

tive" lifetime exposure to ozone was based on a weighted 

average of estimated time spent in different ambient ozone 

environments as determined by different combinations of 
activity data. Pulmonary function was evaluated with flows 

and volumes from maximum expiratory flow-volume 

curves and slope of phase III of the single-breath nitrogen 
washout (SBNW) curves. 

Although the test-retest reliability of the residential his

tory was acceptably high only for first and second resi

dences, most of the unreliability for other residences came 

from residences occupied for relatively short durations. 

Therefore, the test-retest reliability of estimated lifetime 

exposure to ozone was high, with intraclass correlations 

greater than 0.90 for all approaches evaluated. 

Multiple linear regression analyses showed a consis

tently negative relation between estimates of lifetime expo

sure to ozone and flows that reflect the physiology of 

pulmonary small airways. No relation was observed be

tween lifetime ozone exposure and forced expiratory vol

ume or the slope of phase III, and the relation between 

lifetime exposure and forced expiratory volume in one 

second was inconsistent. The results of the flow measures 

were unaffected by the method used to estimate lifetime 

exposure and gave effect estimates that were nearly identical. 

The data from this study indicate that useful and repro

ducible estimates of lifetime ozone exposure can be ob

tained in epidemiologic studies by using a residential 

history. However, the total burden of ozone to which the 

subjects were' exposed cannot be determined accurately 

from such data. Nonetheless, the estimates so obtained 

appear to be associated with alterations in pulmonary func

tion that are consistent with the predicted site of maximum 

effect of ozone in the human lung. 

* A list of abbreviations appears at the end of the Investigators' Report. 
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INTRODUCTION 

Over the past several decades, an extensive body of data 
has been accumulated that supports a relation between 
short-term exposures to concentrations of ambient ozone 
within the range of the current U.S. air quality standards 
and the occurrence of various acute respiratory symptoms 
and changes in various measures of lung function in hu
mans (U.S. Environmental Protection Agency 1986, 1992a, 
1995). 

In contrast to the situation for acute health effects, rela
tively few data are available with regard to health effects in 
humans that result from long-term exposure to ambient 
ozone. Increasing exposure to ambient ozone has been 
associated with increased occurrence of chronic obstructive 
pulmonary disease and asthma (Abbey eta!. 1993), chronic 
changes in the nasal mucosa (Calderon-Garciduenas et al. 
1992; Calderon-Garciduenas and Roy-Ocotla 1993), and 
reductions in average levels of forced expiratory volumes 
measured as forced vital capacity (FVC) and forced expira
tory volume in one second (FEV1l (Schwartz 1989; Stern et 
a!. 1989, 1994), in midexpiratory flows (Kinney eta!. 1992), 
and in performance results on tests that reflect small airway 
physiology (Detels et a!. 1987). However, the 1995 U.S. 
Environmental Protection Agency (EPA) summary of the 
health effects attributable to ozone concluded that current 
data, at best, are suggestive of an association between health 
effects and prolonged exposure to ambient levels of ozone. 
Both the EPA evaluation and the report ofthe HEI Environ
mental Epidemiology Planning Project Working Group on 
Tropospheric Ozone (Tager 1993) indicated that one major 
limitation of the current efforts to study long-term ozone-re
lated health effects concerns the methods available for ascer
taining lifetime exposures to ozone. 

Cross-sectional epidemiologic studies of health and 
long-term exposure to ambient ozone have used rather 
simplistic means to estimate lifetime (more correctly, "typi
cal") ozone exposure for subjects. Generally, the subjects 
must be resident in the study community for some specified 
number of years before the actual study (Hodgkin et a!. 
1984; Schwartz 1989; Stern eta!. 1989, 1994; Calderon-Gar
ciduenas et a!. 1992). Although longitudinal studies do 
provide a more detailed exposure history over the period of 
follow-up, they usually lack information about cohort 
members before the beginning of the study and do not 
provide estimates of the cumulative exposures that cohort 
members are likely to have experienced (Detels et al. 1979, 
1987). Furthermore, virtually all such studies assign con
centrations of ambient pollutants from monitoring net
works to all individuals in entire geographic areas without 
any further refinement of the assignments (Detels et al. 
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1979; Kinney et al. 1992; Stern et al. 1994). Any refinement 
that is made most commonly involves the interpolation of the 
monitor reading to the centroid of a given area (Schwartz 
1989). The amount of time that individuals spend outdoors 
and the nature of their activities in outdoor environments 
are rarely considered. 

The one exception to the above comments is the Advent
ist Health Study (Abbey et al. 1991b, 1993). This study, 
more than any other epidemiologic study, attempted to 
assign exposures within the context of microenvironmental 
exposure modeling (Duan 1982; Ott 1982). This study sought 
to maximize the time individuals actually resided in the 
communities on which the exposure estimates were based 
by requiring that all subjects were residents for at least 11 
years before the beginning of the study. In addition to a 
detailed set of criteria for interpolating ambient monitoring 
data to specific geographic residential locations, the inves
tigators considered factors such as the time subjects spent 
at work, time spent outdoors, and time spent away from the 
study areas. These investigators reported that all of the 
parameter estimates for pollutant effects (ozone and total 
suspended particulate matter) increased when the cumula
tive exposure estimates were adjusted for the time that 
individuals typically spent indoors (Abbey et al. 1993). 
Ozone exposure metrics also were developed to provide 
(concentration x time) estimates of ozone exposure and 
hours spent in environments relative to specific cutoff 
points of ambient ozone concentrations; however, few 
quantitative details about the effects of adjustment on the 
estimates are provided. Unfortunately, this study was lim
ited by several factors. Subjects were required to be at least 
25 years of age, and a large portion of lifetime exposure 
could not be estimated for many older subjects. No pulmo
nary function data were available to test quantitatively for 
the presence of an exposure-response effect at ambient 
ozone concentrations. 

Although epidemiologic studies on ozone (and other 
pollutants) all have focused on the levels of exposure, it is 
the dose received by the target organ that ultimately deter
mines the likelihood and the extent of any health effects 
that can be attributed to an ambient pollutant. In this sense, 
exposure is an imperfect surrogate for dose. In a general 
context, the dose of a pollutant (e.g., ozone) that is delivered 
to an individual's respiratory system is a function of (1) the 
individual's location (the microenvironment); (2) the con
centration of the pollutant in the microenvironment; (3) the 
time an individual spends in a given microenvironment; (4) 
the ventilation rate (usually specified in terms of activities 
in which an individual is engaged in the microenviron
ment); and (5) the deposition properties of the pollutant 
under particular ventilatory conditions (Ott 1982). Al-
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though it is not feasible to measure dose directly in a large 
epidemiologic study, it may be feasible to measure several of 
the elements that affect dose. In the context of epidemiologic 
studies, the first four of the preceding factors, in aggregate, can 
be considered as elements of "effective exposure." 

Given that ozone is a regional, outdoor pollutant with a 
rather stereotypical diurnal variation, the elements of effec
tive exposure can be recast as three components, estimates of 
which may be feasible in epidemiologic studies: (1) residen
tial location; (2) typical amount of time spent outdoors 
during the hours when ozone is present in the atmosphere 
at concentrations above "background"; and (3) outdoor ac
tivities during those hours. Residential location becomes 

the surrogate as well as a reference for the concentration of 
the pollutant in the microenvironments; therefore, its util
ity depends on the existence of a data base of ambient air 
pollution data that is historically long enough to span the 
lifetimes of the subjects and dense enough to permit inter
polation to all residences in the study sample. To determine 
the typical amount of time spent outdoors, the subjects' 
macroenvironment is partitioned into two simple microen
vironments (indoors and outdoors). Histories of typical 
activity patterns serve as imperfect surrogates for typical 
ventilatory distributions in the microenvironments. 

In light of the above formulation, it would be desirable 
to determine the extent to which epidemiologic studies of 
the respiratory health effects of long-term (lifetime) expo
sure to ambient ozone concentrations can obtain accurate 
and reproducible data for the three components of effective 
exposure. An extensive body of data on the retrospective 
assessment of activity patterns of patients with cardiovas
cular diseases (Taylor et al. 1978; Blair 1984; Laporte et al. 
1985; Blair et al. 1991; Lee et al. 1992; Ainsworth et al. 
1993a,b) can be brought to bear on these issues. However, 

to date, little attempt has been made to apply these methods 
to evaluate whether effective lifetime exposure to air pol
lutants can be reliably estimated in epidemiologic studies. 
The availability of a suitably long and dense ambient ozone 
data base created by the pollution-monitoring activities of 
the California Air Resources Board (CARB) made it feasible 
to address this issue. 

SPECIFIC AIMS 

The present investigation was undertaken as part of the 
HEI Environmental Epidemiology Planning Project to (1) 
determine whether, in the context of an epidemiologic 

study, reliable estimates can be obtained for lifetime expo
sures to ozone by combining estimates from lifetime resi
dential histories, typical activity patterns during life, and 

residence-specific ambient ozone monitoring data; and (2) 
identify the minimum data required to produce reliable 
estimates of lifetime exposure. 

Because there is no "gold standard" against which to test 

the accuracy of the estimates to be derived, a third specific 
aim was formulated as an indirect test of the validity of the 
estimates: (3) to carry out a preliminary analysis of the rela
tions between various estimates of lifetime ozone exposure 
and measures of lung function in college freshmen who had 
lived their entire lives in regions with sharply contrasting 
ambient ozone exposure profiles, the Los Angeles Basin and 
San Francisco Bay Area. Specifically, this analysis was to 
provide a preliminary test of the hypothesis that effects of 
lifetime ozone exposure should be observed in lung func

tion measurements that reflect the physiology of small 
peripheral airways of the lung, the site at which ozone is 
thought to exert its major effect on the mammalian lung (U.S. 
Environmental Protection Agency 1986, 1995; Collabora
tive Ozone Project Group 1995). 

This investigation was part of a larger feasibility study 
that included a detailed evaluation of the variability of 
measures of small airway physiology that might be suitable 
for use in epidemiologic studies of the respiratory health 

effects of long-term exposure to elevated concentrations of 
ambient ozone. This latter evaluation is the subject of Part 
I of this Research Report. 

METHODS 

All procedures carried out were approved by the Com
mittee for the Protection of Human Subjects of the Univer
sity of California, Berkeley, and required written informed 
consent from each student. All students received remunera
tion for participation. 

DEVELOPMENT OF QUESTIONNAIRES 

The goal of the questionnaires was to assign values for 

personal ozone exposures over the lifetimes of the study 

subjects, who were anticipated to be in their late teens at 

the time of study (see below). However, because exposure 

itself was of interest only in so far as it relates to the 

potential dose of an ambient pollutant to which the target 

organ or system is subjected (in this case the respiratory 

tract), the concept of exposure was broadened to include 

elements that are relevant to dose: time spent in a particular 

environment with a given profile of ambient air pollution, 

and the type and intensity of activity while in that environ

ment. This is termed an "effective exposure" in this report. 

The concept of effective exposure follows directly from the 
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microenvironmental approach to exposure assessment (Duan 
1982; Ott 1982). Thus, to estimate effective exposure over 
a lifetime, data were required for the locations in which 
individuals typically spent their time throughout their lives 
and the types and levels of activities in which they were 
engaged in those environments. As individuals could not 
be expected to remember details of their microenvironmen
tal exposures (Ott 1982), the concept of location was de
fined in terms of a general spatial location (e.g., residence), 
which, in turn, was divided into indoor and outdoor carn
ponents. Moreover, given that ozone predominantly is an 
outdoor pollutant with characteristic daily and seasonal 
cycles, the content of the questionnaires had to capture 
these aspects of the ambient ozone profile. 

Most epidemiologic studies that have attempted individ
ual exposure assignments have been based on a "time-activity" 
diary format (Ostro et al. 1991, 1994). Such diary formats 
usually are intended to capture information over very short 
periods of time (weeks, at most), either concurrently with 
a subject's activity or in the immediate past (measured in 
days). Less detailed exposure assignments often are at
tempted with questions that cover a relatively circum
scribed period in the recent past (e.g., the past 12 months). 
Less frequently, attempts have been made to reconstruct 
longer periods oftime in terms of location ofresidence, but 
generally not in terms of detailed patterns of activity (Abbey 
et al. 1991b). In short, there was no existing, previously 
evaluated questionnaire that could serve as a template for 
the questionnaires in this study, in terms of the level of 
detail sought with regard to activity and location over an 
extended period of time. Therefore, a variety of sources 
were used as guides to the development of the question
naires. Each source is briefly discussed below to indicate 
the general content ofthe material that was considered and 
the rationale for consideration. 

Source Questionnaires 

Adventist Health Study The Adventist Health Study rep
resents one of the most extensive efforts to evaluate the 
relation between lifetime exposure to ambient ozone and 
chronic health effects (Abbey et al. 1991a,b, 1993). We 
evaluated sections of the "Respiratory Symptoms and Resi
dence History Questionnaire" that related to residential 
history and residence characteristics. 

University of Southern California I California Air 
Resources Board Child Health Study This is a large, 
prospective, population-based study of the acute and 
chronic health effects of ambient air pollution on children 
who reside in selected areas of the Los Angeles Basin. The 
overall layout of this questionnaire was taken as the pattern 
for the development of our questionnaires. Specific ques-

30 

Part II: Estimation of Lifetime Ozone Exposure (California Sites) 

tions that evaluated characteristics ofresidential neighbor
hoods, homes, and ventilation within homes were evalu
ated for use. 

California Air Resources Board Study of Children's 
Activity Patterns and Activity Patterns of California 
Residents These two studies were in-depth evaluations of 
the activity patterns over the previous 24 hours of individu
als who ranged in age from newborn through adulthood 
(Wiley et al. 1991a,b). These studies provided comprehen
sive, population-based data on the exact locations and types 
of activities of individuals over an entire 24-hour period. 
We evaluated the distribution of answers to a variety of 
location and activity questions. The wording and structure 
of the relevant questions were adopted for use in our ques
tionnaires. The specific goal was to permit answers to 
questions developed for our pilot study to be referenced to 
the population-based estimates from the CARE study 
(Jenkins et al. 1992). In particular, questions were con
structed with answers of "Less", "About the same", or 
"More than others" so that these responses could be used to 
assign median and quartile values derived from the CARE 
study for time that individuals in specific age groups spent 
in various activities. 

Study Questionnaires 

As this was a feasibility study, a larger number of ques
tions were included in the questionnaires than could be 
expected to be completed reliably. The goal was to identify 
questions that would be useful and those that would not. 
The final instrument contained two questionnaires, the 
Eligibility Questionnaire and the Main Questionnaire (Ap
pendix A). 

Eligibility Questionnaire This brief questionnaire has a 
form for personal data as well as brief questions on medical, 
smoking, and residential history. It also includes the Resi
dential History Form, which asks for town/city, street ad
dress, zip code, and dates for all residences since birth. 

Main Questionnaire For each residence listed on the 
Residential History Form, a separate questionnaire was 
completed that contained questions referenced to the par
ticular residence and the age range while the subject lived 
at that residence. Questions that related specifically to 
outdoor activities and home ventilation patterns were ref
erenced to specific months of the year, particularly May 
through October, which are the months with the highest 
ozone concentrations in the study areas (California Air 
Resources Board Technical Support Division 1990). Before 
implementing the Main Questionnaire within the study 
protocol, we evaluated it on 10 volunteer subjects to iden
tify problems with wording and clarity. 
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The Main Questionnaire is organized into the following 

sections: 

1. Neighborhood: housing and street patterns. 

2. Home Characteristics: air conditioning use, windows 

opened and closed, heating type. 

3. Schools Attended: dates, location in reference to resi

dence, presence of air conditioning. 

4. General Activity Patterns: relative time spent outdoors, 
relocation in relation to residence, response to air-qual

ity advisories. 

5. Outdoor Activities: divided into two categories based 
on published values for the average rate of energy 

expended during each activity and expressed in terms 

of metabolic equivalents (1 MET = 3.5 mL of oxy

gen/kg/min utilization = approximate resting oxygen 

consumption) of various activities (Blair 1984;Ainsworth 

et al. 1993a). "Moderate intensity activities" were those 

whose rates of energy expenditure were 3 to 5 MET and 

"heavy intensity activities" expended 5 MET or more. 
A list of examples of activities in each category (Physi

cal Activity Inventory) was provided with each ques
tionnaire. Information was obtained on the time of year 

such activities were performed, the typical number of 
times per month, the typical duration of a session, and 

the typical location in relation to residence. 

6. Detailed Activity List: In contrast to the previous sec

tion, which was based on structured questions and 

referenced to classes of activities, this section took the 

form of a diary in which subjects were asked to identify 

all activities performed while they lived at a particular 

residence, the months of the year they were performed, 

the number of times per month, typical duration per 
session, and the location relative to the residence. The 

format was derived from the format developed and 

validated as the Michigan Leisure Time Activity Ques

tionnaire (Taylor et al. 1978). 

7. Driving: types of vehicles and locations. 

8. Work History: jobs working outdoors. 

STUDY SUBJECTS 

Selection of Sample 

The selection of the subjects was motivated by the fact 

that one component of the study was to determine the 
potential size of the sampling frame for a study that would 
compare respiratory function of adolescents who had lived 

all of their lives in a high-ozone environment (selected 

areas in the Los Angeles Basin and Southern California 

[LAB]) with that of adolescents who had lived all of their 

lives in a low-ozone environment (selected areas in the San 

Francisco Bay Area [SFBA]). We defined LAB as the region 

between latitudes 32° and 35° and longitudes 115.5° and 

120.75°, and SFBA as the region between latitudes 37° and 

38.5° and longitudes 121.67° and 123°. All zip codes in 

these areas were extracted from the zip code data base 

associated with the MAPINFO software package (Mapinfo 

Corp., Troy, NY). 

The list of zip codes was submitted to the Office of 
Student Research ofthe University of California, Berkeley. 
The exact street addresses of all students who listed their 
permanent residence as within these zip codes and who 
matriculated in the years 1988 through 1992 were provided. 
The yearly number of students ranged from 1,266 to 1,540 
for LAB and from 1,084 to 1,318 for SFBA. 

Convenience samples of subjects were recruited between 
August 1993 and December 1994. Advertisements were placed 
in print media likely to be read by students, and notices 
were posted in areas frequented by students. The advertise
ments indicated that financial remuneration would be pro
vided. Recruitment was carried out in a series of panels that 
were restricted to one region or the other. Because this was 
a feasibility study, no effort was made to maximize the 
possibility that the sample of students selected from each 
area would be geographically dispersed (within each re
gion), or representative. 

The pilot study called for panels of subjects to be used to 

evaluate the questionnaire and panels of subjects for the 

pulmonary function variability component (see Part I ofthis 

Research Report). The initial panels focused only on ques
tionnaire evaluation; therefore, not all students were in

cluded in the pulmonary function protocol. Several groups 

of subjects were selected for participation in both parts of 

the study. No selection criteria were applied to these pro

tocol assignments. Only by chance did it turn out that more 

subjects from SFBA participated in both protocols. 

Eligibility 

Inclusion criteria were evaluated through the completion 

of standardized questions in the Eligibility Questionnaire, 

including the Residential History Form (Appendix A). In

itial criteria for inclusion were 

1. age between 16 and 20 years; 

2. lifelong nonsmoker (defined as not smoking as much 

as one cigarette per day for more than one year) and not 

smoking ,in the year before testing; 

3. no history of asthma (this criterion was modified, see 
below); and 

4. lifelong resident of LAB or SFBA (a large number of 

volunteers were immigrants of Asian or Pacific Islander 

descent who had come to California very early in 
childhood). 
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To facilitate the recruitment of the desired sample in the 
time allotted for the study, the criteria had to be relaxed in 
some cases. Subjects with a history of asthma were entered 
into the study if they reported a history of asthma or 
wheezing that was confined to early childhood and they 
had not had any symptoms or taken any medication in their 
teen years. In the case of residence, students were included 
if their first residence outside LAB or SFBA did not extend 
past the first year of life. 

IMPLEMENTATION OF STUDY PROTOCOL 

The methods and procedures of the protocol were ap
proved by the Committee for the Protection of Human 
Subjects at the University of California, Berkeley. Subjects 
came to a laboratory site on the campus. They were tested 
and retested on two occasions within five to seven days, at 
approximately the same time of day. All evaluations were 
carried out by a single technician. The selection of the 
interval of five to seven days for the test-retest period was 
motivated largely by the study of pulmonary function test 
reproducibility, which required that the interval between 
testing be reasonably short, and by the desire to minimize 
the number of times that students had to return to the 
laboratory. We felt that participation rates would fall if 
students were asked to return another time at a later date to 
answer the questionnaire again. This imposed limitations 
on the test-retest interval for the questionnaire. As a com
promise, we arbitrarily chose one week as the interval. 

On arrival in the laboratory, students completed the 
Eligibility Questionnaire and the Residential History Form. 
The technician reviewed the forms with the student on 
completion, and the student's eligibility was determined at 
that point. If eligible, the student completed the number of 
forms that corresponded to the number of residences re
ported. All forms were self-completed in the laboratory. 
Students were permitted to solicit help from the technician, 
if needed. Pulmonary function tests were performed, by the 
same technician, after the completion ofthe questionnaires. 

EVALUATION OF QUESTIONNAIRES 

Creation of Lifetime Residential History 

Students were asked to report the · ocation and corre
sponding time period for each residen1 The time period 
was defined by a "from" date and a "to ~dte. The last "to" 
date represented the time that the student matriculated at 
the University of California, Berkeley. Therefore, for any 
comparison of residences reported during test sessions 1 
and 2, the locations reported for a given month in a subject's 
lifetime might differ. Such differences were defined as 
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"unreliable months." A month was classified as "unreliable" 
if it was undefined in terms of location at either test session 
or was defined differently at test sessions 1 and 2. Accord
ingly, "reliable months" were defined as months for which 
identical locations were reported (perfect agreement) on the 
two test sessions. "Perfect agreement" was achieved if street 
name and zip code or street number were identically re
ported at each test session. For each subject, reliable and 
unreliable months were summed to provide "total lifetime," 
from which the proportion of months of each subject's life 
that were defined reliably was derived. In those cases in 
which the date that a residence changed was defined only 
by year, two different months for each test session (March 
and September) were arbitrarily assigned. This resulted in the 
default assignment of six unreliable months in a given year. 

The assessment of the reliability of residential history 
based on months of life was motivated by the decision to 
assign an exposure metric to each month of life and, from 
this assignment, to estimate a total exposure for each resi
dence and for the total lifetime of each subject. The decision 
to use a month as the unit of time was based on several 
considerations. A preliminary analysis demonstrated that 
exact dates (month, day, and year) could be provided for 
only 50% of "from" dates and 36% of "to" dates, but that 
month and year could be provided for 83% and 84% ofthe 
dates, respectively. Thus, default month assignments were 
required for 17% of "from" and 16% of "to" dates. Further
more, a month was also the time metric used for assessing 
activity patterns. 

Activity History 

The analysis present herein focuses solely on the data 
obtained from the Outdoor Activities section of the Main 
Questionnaire and was based on the Physical Activity In
ventory examples of activities of moderate and heavy inten
sity that was included with the Main Questionnaire. The 
Detailed Activity List, which simulated a diary format, was 
not analyzed because a number of subjects completed this 
only for the last residence in which they were living before 
coming to the University of California, Berkeley. The ques
tions on which the activity history was based had the 
following format (question numbers as in Appendix A): 
HI-0. While you were living at this residence, did you 

engage in any of the activities listed under "Heavy 
Intensity Activities" on the Physical Activity In
ventory Page? 

HI-2. When you engaged in one or more of these activi
ties, what was the average number of times per 
month that you did these activities? 

HI-3. What was the average amount of time that you 
spent each time you did these activities from May 
through October? 
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HI-4. For how many years did you engage in at least one 
of these activities while you were living at this 

residence? 

Questions HI-2 and HI-3 were repeated with reference to 
the months of May through October (months with highest 
ozone in LAB and SFBA) of the "last 12 months prior to 
coming to the UC Berkeley campus." The same sequence 
was asked for moderate activities. 

The classification of activities into moderate and heavy 
implicitly includes the intensity of the activity as well as 
its type. For example, "bicycling leisurely" was listed as 
moderate intensity and "bicycling hard" as heavy intensity. 
Quantitative presentation of activity was based on "hours 
per month" engaged in moderate and heavy activity. The 

measure was derived by multiplication of answers toques
tions HI-2 (number oftimes per month) and HI-3 (hours per 
session). A preliminary analysis revealed that answers to 
questions HI-2 (frequency) and HI-3 (duration per session) 
were not correlated for either moderate intensity activity 
(Pearson correlation r = 0.04) or heavy intensity activity (r 

= 0.11, p = 0.25). Thus, neither frequency nor duration alone 
could be considered a reliable measure of total activity. 

Subjects who reported having been engaged in activity at 
a given residence are termed "doers" (Jenkins et al. 1992). 
Furthermore, for both moderate and heavy intensity activ
ity, three categories of answers were defined. The first 
group represents "nondoers," that is, subjects answering 
"No" to the above question HI-0. The second group repre
sents those individuals who were doers of the class of 
activity but who were unable to provide answers to the 
quantitative questions that were required to calculate hours 
per month engaged in activity; that is, question HI-2 or HI-3 
or both were answered with "Don't remember." The third 
group represents doers who provided quantitative answers 
to both questions HI-2 and HI-3. 

The responses to question HI-4 (number of years) were 
not used for detailed analysis. The question was improperly 
structured in that the calendar time was not determined; 
therefore, the longer a subject lived at a residence, the less 
certain was the calendar time during which the activities 
occurred assuming that they did not occur throughout the 
entire time at the residence. Furthermore, in 20% of the 
records, the number of years of activity reported exceeded 
the number of years over which the subject reported having 
lived at the particular residence. 

ASSIGNMENT OF EXPOSURE VALUES TO 
RESIDENTIAL LOCATIONS 

A series of monthly mean measures of ozone concentra
tions was derived from the CARB ambient air quality data 

over the years 1975 through 1992, a period that spanned the 

entire lifetimes of the study subjects. Averages were based 
on data from zip codes that corresponded to street addresses 
that were available for students entering the University of 
California, Berkeley, for the years 1988 through 1992. Two 
of these averages were selected for use in this study: 
monthly average ozone concentrations between 10 a.m. and 
6 p.m. and average hours per month with an ozone concen

tration greater than 60 ppb. Both of these averages were 
selected because there were clear differences in the distri
butions between LAB and SFBA, and because there was a 
reasonable distribution of values for SFBA, the low-ozone 
region (Figure 1). The restriction to 10 a.m. to 6 p.m. relates 

to the observation that, in the areas of study, most of the 
ambient ozone is found between these hours. Monthly 
24-hour averages also were obtained for nitrogen dioxide 
(NOz) and particulate matter smaller than 10 11m (PM10) (or 
total suspended particulate matter). 

Data from monitoring stations were spatially interpo
lated, with the use of inverse-distance-squared weighting, 
to the zip code region where each study subject lived. The 
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Figure 1. Distribution of monthly average ozone concentrations for Univer
sity of California at Berkeley student residence zip codes from LAB and 
SFBA for June 15 through September 15 for the years 1988 through 1992. 
(Top) Monthly average ozone concentrations from 10 a.m. to 6 p.m.; (bottom) 
monthly average hours per month with ozone concentrations above 60 ppb. 
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interpolation scheme used data from three stations with 
valid data based on distance, nearness to roadways, and 
topography. Data from stations located farther than 100 km 
from the centroid of a zip code region were excluded. If 
observations were available from a station within 8 km of 
the centroid, then the observations from that one station 
were assigned to the zip code. For most of the years from 
1976, the average year ofbirth ofthe study subjects, through 
1992, approximately 50% of residences were within 8 km 
of an ozone monitoring station, about 40% were between 8 
and 16 km, and about 10% were between 16 and 50 km. The 
situation was similar for PM1o and NOz, although the per
centages of residences within 8 km of a monitoring station 
tended to be lower than for ozone. 

To explore the potential effects of uncertainties in the 
interpolations, the observed values at given stations were 
compared with values obtained by interpolation from other 
stations to the particular station, using the same procedures 
as described for the residential interpolation. For SFBA, the 
absolute difference between interpolated and observed 
ozone concentrations was less than 1 ppb and the relative 
difference was less than 5% for the group of stations be
tween 8 and 16 km from the station to which interpolation 
was made. For the group of stations that were located 
between 16 and 50 km, the respective values were 2 ppb 
and 15%. One SD of the distribution of percentage differ
ences was less than 20% for both groups of monitors. For 
LAB, the absolute and relative average differences between 
interpolated and observed ozone concentrations were less 
than 5 ppb and between 12% and 17%, respectively, for the 
stations located less than 8 km from the stations to which 
interpolation was made; less than 1 ppb and 7%, respec
tively, for stations located between 8 and 16 km; and less 
than 4 ppb and 5%, respectively, for stations located be
tween 16 and 50 km from the station to which interpolation 
was made. The SDs of the percentage differences were 
similar to those observed for SFBA. 

ASSIGNMENT OF INDIVIDUAL 
EFFECTIVE EXPOSURES 

Realistically, there was no expectation that an assess
ment could be made over all of the microenvironments 
through which an individual passed in a lifetime, nor was 
there any expectation that the fine details of physical activ
ity that took place in each of the microenvironments or 
categories of microenvironments could be captured with 
acceptable reliability. Therefore, the approach used was 
based on the following: 

1. Residence was used as the reference for all assignments 
of ambient exposure. 
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2. Only two residence-based microenvironments were 
defined: outdoors and indoors. The outdoor ozone 
concentrations were derived as described above. The 
indoor concentrations were treated as a fixed fraction 
of the outdoor measures. If questions that related to 
patterns of indoor ventilation were answered reliably, 
these could be used to modify the fractional assign
ment. 

3. Time spent indoors was taken as the baseline of expo
sure from which time spent outdoors was subtracted. 
This was based on the findings of the CARB activity 
studies, which demonstrated that, even among the 
most active children, the portion of a 24-hour period 
spent indoors is more than 85%, or 90% if enclosed 
transit is considered (Jenkins et al. 1992). 

4. A combination of population-derived and individually 
derived data was required to characterize fully the 
effective exposure time in the time window from 10 a.m. 
to 6 p.m. The amount of time spent outdoors was taken 
as an age-dependent, fixed number of minutes per day. 
This ecologic assignment was based on age-group
specific quartile estimates of time spent outdoors that 
were derived from the CARB activity study (data avail
able from F. Lurmann). Average time spent outdoors 
was calculated from a combination of this ecologic 
assignment and the individual activity patterns re
ported by the subjects. 

5. The activity component of the exposure assignment 
reflects not only the type of activity but also its inten
sity. The intensity component, considered as a surro
gate for ventilation, was included to capture some 
element of dose in the exposure assignment. Therefore, 
the time spent in any given activity was weighted to 
reflect intensity. 

Ambient Ozone Concentration Component of the 
Exposure Assignment 

The assignment of the ambient ozone metrics was as 
described above. For the reasons stated above, the effective 
exposure estimation is restricted to the monthly ozone 
average for the period 10 a.m. to 6 p.m. and the monthly 
number of hours above 60 ppb of ozone. 

Time Element of the Exposure Assignment 

Effective exposure time, T, spent by a subject in an 
ambient ozone environment included a number of compo
nents and was derived as follows: A day consisted of the 
eight hours between 10 a.m. and 6 p.m. to reflect the time 
of day when levels of ozone are most likely to be above 
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background. Time outdoors was assumed to occur only 

during these hours. Given that only two microenviron

ments were defined, time spent indoors was equal to eight 

hours minus the "baseline" time outdoors. 

To reflect the fact that ozone is predominantly an outdoor 

pollutant, time spent indoors was weighted by a factor of 

0.2. This reflects the assignment of an average indoor-to

outdoor (I/O) ozone concentration ratio of 20%. This aver

age estimate is based on work performed by one of the 

investigators in Southern California that demonstrated a 

median I/0 ozone ratio of 0.21 for LAB schools, with a 

tendency for the ratios to increase as outdoor ozone concen

trations increase (medians = 0.16 and 0.45 for ambient 

ozone concentrations from 6 to 20 ppb and 60 to 110 ppb, 

respectively [Avol et al. 1995]). A sensitivity analysis was 

performed with an I/0 ozone ratio of 0.5 as the weight to 

reflect the higher I/0 ozone ratios. 

In those analyses that used individual-level activity data, 

time outdoors was weighted to reflect the time spent in 

activities at the two levels of intensity defined above (3 to 

5 MET and greater than 5 MET). Each hour outdoors for 

which activity was not reported was assigned a weight of 

1. Each hour spent in moderate intensity activities (3 to 5 

MET) was considered equal to two hours at baseline activ

ity, and each hour of heavy intensity exercise was considered 

equal to three hours of baseline activity. These assignments 

were intended to reflect the increase in respiratory tract 

exposure (and dose) that accompanies the increased venti

lation associated with increasing intensity of activity. This 

weighting scheme is in keeping with a scheme used for 

ozone dose modeling (Kleinman 1991). For example, a 

subject who spent an average monthly total of four hours 

per day outdoors, two hours of which were in moderate 

activity and 0.5 hour of which was in heavy activity, would 

be assigned an average monthly per-day "outdoor time" of 

4 + 2 + (0.5)2 = 7 hours. As the two hours spent in moderate 

activities and the 0.5 hour spent in heavy activities are 

included in the overall four hours, the effect is to assign 

moderate activity a weight of 2 and heavy activity a weight 

of 3. Thus, the total effective time can be summarized as 

Tr = OUT(t)r+ fi!o{B~OUT(t)r} + OUT(m)r+ 2{0UT(h)r} 

(1) 

where Tr is the fth month; OUT(t)r is the total average time 

per day outdoors; fila is the indoor/outdoor ratio for ozone; 

OUT(m)ris the average daily hours of moderate activity, and 

OUT(h)ris the average daily hours of heavy activity. 

Monthly Effective Exposure 

The effective exposure for each month at each residence 

was obtained as 

EXijkt = OZjt X Tijkt (2) 

where EXijktis the effective exposure for the ith subject at 

the jth residence lived at during the kth age period of life 

during the !t:h month; OZjt is the ozone metric during the 

!t:h month, at the jth residence; and Tijkt is the monthly 

average effective time per day outdoors for the ith subject 

at the jth residence lived at during the kth age period of life 

during the !t:h month. 

In the case of the monthly eight-hour average, this effec

tive exposure corresponds to the ppb-hours that a subject 

experienced, on average, every day for the entire month 

lived at a given residence. In the case of the monthly hours 

above 60 ppb, effective time outdoors was first converted 

to a proportion, that is, the fraction of total hours (eight) 

"effectively" spent outdoors. For example, the seven effec

tive hours in the above example would be converted to 0.88 

(7 /8) (note that this proportion, in theory, can exceed 1). 

Such a subject who lived at a residence during a month in 

which ambient ozone concentrations exceeded 60 ppb for 

40 hours would be assigned 35 "effective hours" above 60 

ppb for that month. 

Summary of Effective Exposure for a Given Residence 

The effective exposure for a given residence was calcu

lated as the average value across all monthly values for that 

residence. 

EX;j = (~ EXijkt) I D;j (3) 

where EX;j is the effective exposure for the ith subject at the 

fth residence; ~ EXijkf is the sum of monthly effective 

exposures as defined above, summation over! months; and 

D;j is the duration that the ith subject lived at the jth 

residence. 

Effective Lifetime Exposure 

In the final step of the exposure assignment, the overall 

effective lifetime (ELT) exposure for the ith subject (EX;) 

was calculated as a weighted average of the residence-spe

cific effective exposures (EX;j): 

EX; = (~ EX;j x Dij) I (~ D;j) (4) 

where~ Dij is the summation over j residences. 
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Approaches Used to Assign Effective Lifetime Exposures 

Several different approaches, each with a different de
gree of complexity, were used to assign ELT exposures. The 
goal was to evaluate the extent to which assumptions about 
the various components of the exposure assignment affected 
the overall EL T exposure assigned to each subject. Each of 
these approaches used a different set of inputs into the 
above equations (Table 1). 

Main Model (Time-Activity Model) This model (Table 2) 
used all of the population and individual elements for the 
assignment of effective exposure. For total time outdoors 
[OUT(t)], age-specific median values from the CARE study 
were assigned. The use of the quartile values in the older 
age groups was based on answers to ordinal questions in 
the study questionnaire. Residence-specific data were used 
for hours spent in activity of moderate and heavy intensity. 
Data for subjects younger than 6 years of age were too 
unreliable to be used (see Results section). Effective expo
sure was estimated with I/0 ozone concentration ratios of 
0.2 and 0.5. 

Part II: Estimation of Lifetime Ozone Exposure (California Sites) 

Time Outdoors Model This model (Table 2) ignored 
individual time-activity information and used only the 
age-stratum-specific median values for time outdoors de
rived from the CARE study. 

Ecologic Model The model (Table 2) derived lifetime 
ozone exposure solely from the residence-specific, fixed
site ambient ozone monitoring data. No time-activity data 
were used, nor were any assumptions made about time 
spent indoors versus outdoors. This approach is similar to 
that used in most epidemiologic studies with the exception 
of the requirement for lifetime residence-specific ambient 
air monitoring data. 

Ecologic Models for Ages 12 Years and Above and Ages 
Below 6 Years These approaches (Table 2) are identical to 
the ecologic model with the exception that we used only 
residential data for the five to six years prior to each stu
dent's coming to the University of California, Berkeley, for 
the model for ages 12 and above, and only residential data 
for ages 1 to 5 were used for the model for ages below 6. 

Table 1. Input Factors Used to Derive Effective Lifetime Exposure to Ambient Ozone 

Input Factor 

Ambient outdoor 
ozone [OZ] 

IIO ratio for ozone 
[fi;o] 

Total time spent 
outdoors [OUT(t)] 

Time spent in 
moderate activity 
[OUT(m)] 

Time spent in 
heavy activity 
[OUT(h)] 

Unit 

Per month over lifetime 

Per month over lifetime 

Age-stratum-specificb 

Per residence 

Per residence 

Derivation 

Closest monitor(s)a 

Fixed fraction of ambient 
ozone 

CARE datac 

Questionnaire 

Questionnaire 

"See text section Assignment of Exposure to Residential Locations for method of assignment. 
h Age strata: birth to 2, 3 to 5, 6 to 11, 12+ years. 
c Data are available from F. Lurmann. 
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Variations 

• Average ozone 
concentration 10 a.m.-6 p.m. 

• Monthly hours > 60ppb 
(10 a.m.-6 p.m.) 

• 0.2 
• 0.5 

Assigned age-stratum
specific values 

• Median CARE value 
• Quartile CARE value 

based on answers to 
ordinal question on 
time spent outdoors 

Hours/month for age strata 
6+ years 

Hours/month for age strata 
6+ years 
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PULMONARY FUNCTION DATA 

The pulmonary function protocol and its evaluation are 

presented in detail in Part I ofthis Research Report and are 

only summarized here. All pulmonary function tests were 

performed on the SensorMedics 2100 System. This system 

uses a mass flow anemometer to measure flow of molecules 

(described in Appendix B). This flow measurement is inde

pendent of temperature and pressure. Flow is integrated to 

obtain volume. The system also provides for visual display 

of flow-volume curves and expiratory time during maneu

vers to determine FVC. In addition, a real-time, graphic 

display of expiratory flow is provided that is labeled with 

flow rates of 300 and 600 mL!sec and used to control flow 

rates for the SBNW test. The volume characteristics of the 

instrument were calibrated twice daily with a 3-L syringe, 

and the nitrogen meter was calibrated at least once per day 

according to the manufacturer's instructions. 

Maximum expiratory flow-volume (MEFV) curves were 

obtained with the subjects seated and using nose clips in 

accordance with American Thoracic Society (1991) stand

ards. The requirement that all peak flow rates were to be 

within 10% of the maximum was added as another criterion 

(Krowka et al. 1987; see also Part I). Subjects were permitted 

up to eight attempts to provide three acceptable tracings. 

For each acceptable curve, FVC, FEV1 , maximum midexpi-

ratory flow (FEFz5%-75%L and instantaneous flow at 75% of 

FVC, or the point at which 75% of FVC has been exhaled 

(FEF75%) were obtained by the computer. 

Slope of phase III of the SBNW test (~z) was obtained 

after the MEFV curves. Established quality control criteria 

were used (Division of Lung Diseases, National Heart, Lung 

and Blood Institute 1973) with some modification to more 

closely control the expiratory flows (see Part I). Subjects 

were provided with a continuous visual display of their 

expiratory flow rates as noted above. After full expiration, 

subjects inhaled 100% oxygen. Exhaled nitrogen was meas

ured continuously throughout exhalation. For a test to be 

acceptable, all of the following criteria had to be met: 

1. after the first 500 mL of expired volume, flow between 

300 and 600 mL/sec; 

2. except for the first 500 mL of expiration, no expiratory 

flow transients above 600 mL!sec for a volume of 300 

mL or more; 

3. after the first 500 mL of expiration, no more than one 

flow transient above 600 mL!sec provided that this 

transient occurred over a volume of less than 300 mL; 

4. no more than two flow transients below 300 mL!sec 

with a volume of at least 300 mL, and no more than 

three such transients overall; 

5. expired vital capacity not less than 5% of the best FVC 

value obtained during the FVC maneuvers; and 

Table 2. Description of Approaches Used to Assign Effective Lifetime Exposure to Ambient Ozonea 

Approach I/0 Ratio 

Main model 0.2 or 0.5 
(time-activity 
model) 

Time outdoors 0.2 
model 

Ecologic model - e 

Ecologic model 
age~ 12 yr 

Ecologic model 
age< 6 yr 

Total Time Outdoors [OUT(t)] 
Age-Stratum-Specific Values [hours/day]b 

0-2 yr 3-5 yr 6-11 yr 12+ yr 

0.8 2.1 0.9/2.0/3.6c 0.0/0.6/1.8c 

0.8 2.1 2.0 0.6 

Activity 
[OUT(m) and OUT(h)] 

0-5 yr 6+ yr 

N/Ad Yes 

N/Ad 

a Athll approaches.used average monthly ozone concentrations for 10 a.m.--6 p.m. and the effective number of hours above an ozone concentration of 60 ppb as 
e ozone metncs. 

b Based on CARB study of activity patterns (data are available from F. Lurmann). 

c. Assignment based on ans":er to ordina~ questions on "t~tal time outdoors"; values represent the 25th percentile/median/75th percentile of the distribution 
of lime outdoors observed m CARB act1v1ty study for th1s age stratum. 

ct Report of activity too unreliable for this age group; see Results section for data. 

" Not used for this approach. 
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6. no "step" changes in Nz concentrations with continued 
cardiogenic oscillations. 

A maximum of eight attempts were permitted to obtain 
three acceptable tracings. The slope of phase III was calcu
lated by an instrument algorithm as the best fit, ordinary 
least-squares regression line between the 750- and 1,250-
mL volume points on the SBNW curve. 

DATA MANAGEMENT 

All questionnaire data were entered into computer data 
bases through computer-based data entry screens that simu
lated the questionnaire layout (FSP and AF of SAS) (SAS 
Institute Inc. 1989a). Data entry screens included range and 
logic checks. Frequency distributions for responses to all 
questions were screened to check for outlying and incon
sistent data. 

STATISTICAL ANALYSIS 

Analysis of Questionnaire Data 

The residential and activity histories were described in 
terms of a series of distributional statistics and measures of 
repeatability for dichotomous and continuous variables 
(Fleiss 1981; Chinn and Burney 1987; Cicchetti and Fein
stein 1990; Feinstein and Cicchetti 1990). For dichotomous 
variables the following statistics were obtained: 
1. Proportion of concordant pairs (A): The proportion of 

"Yes-Yes" plus "No-No" responses on test-retest (Fleiss 
1981). 

2. Cohen's kappa statistic: This is a measure of agree
ment, adjusted for agreement that occurs by chance 
(Fleiss 1981). By convention, kappa values between 
0.41 and 0.60 show "moderate" agreement, and those 
above 0.60 are considered to demonstrate "substantial" 
agreement (0.61 to 0.80) or "almost perfect" agreement 
(?_ 0.81) (Landis and Kock 1977). The kappa statistic is 
influenced by the overall prevalence of responses and 
the marginal distribution of responses (Cicchetti and 
Feinstein 1990; Feinstein and Cicchetti 1990). As the 
marginal response frequency becomes progressively 
imbalanced, kappa decreases even when there is very 
high agreement (e.g., in the extreme, "No" prevalence 
of 2% versus "Yes" in 98% of cases). Therefore, two 
other descriptive measures are provided. 

3. Positive and negative predictive values: A positive 
predictive value is defined as concordant "Yes" test-re
test answers as a proportion oftotal test-retest answers 
for which at least one is a "Yes." A negative predictive 
value has a similar derivation for answers with "No" 
(Cicchetti and Feinstein 1990). 
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4. Estimate of sensitivity and specificity (Il}: Chinn and 
Burney (1987) have shown that a combined sensitivity 
and specificity statistic, IT, can be estimated under the 
assumption of equal sensitivity and specificity for 
"Yes" and "No" answers to questions. This assumption 
of equal sensitivity and specificity seemed reasonable 
for the data gathered in this study. 

5. Expected prevalence of a "Yes" response (Pa}: This 
measure provides an estimate of the true prevalence of 
"Yes" responses based on the data obtained from the 
test-retest samples (Chinn and Burney 1987). (The es
timate, which is dependent on the prevalence of "Yes" 
responses in the sample, will be useful for sample size 
estimates for future studies). 

Ordinal questions were evaluated with the use of log-lin
ear models (Agresti 1990; Becker and Agresti 1992; Graham 
and Jackson 1993). These models permitted an evaluation 
of the degree to which test-retest answers agreed with 
regard to the ordinal ordering of the answers after adjust
ment for chance agreement, "linear-by-linear" or baseline 
agreement (tendency for test-retest answers to be high, or 
low, on the ordinal scale in the absence of real agreement), 
and agreement not due to chance or baseline agreement 
(true agreement). In addition, the method permitted estima
tion of the degree of agreement across noncontiguous por
tions of the ordinal scale and the extent to which agreement 
increased as the distance between levels of response in
creased. Preliminary analyses revealed that this more com
plex analysis resulted in inferences that were no different 
from those obtained with the kappa statistics cited above; 
therefore, the details of these analyses are not presented. 

Continuous variables were evaluated in several ways: 
1. Mean of the estimates from test sessions 1 and 2 and 

the mean difference between test sessions: Averages of 
the differences and means over all subjects and their 
SDs (SDdiff and SDav, respectively) were computed. 
The ratio of the two SDs (SDdift/SDavl is a measure of 
reliability (Delcourt et a!. 1994) and captures similar 
information as a plot of the difference versus the mean 
(Altman and Bland 1983). The smaller the ratio, the 
more reliable the estimate. 

2. Variance components: A nested random effects analy
sis of variance (AN OVA) (PROC NESTED procedure of 
SAS/STAT) (SAS Institute Inc. 1989b) was used to 
partition the variance in the estimates into components 
related to differences between individuals, residences 
for a given individual, and test-retest reliability for a 
given individuaL 
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Analyses ofthe Relation Between Effective Lifetime 
Exposure to Ozone and Pulmonary Function 

The effects of EL T exposure to ozone on pulmonary 

function were evaluated by linear regression. The a priori 

hypothesis that was evaluated as the test of validity of the 

exposure assignment was that increasing EL T exposure to 

ozone would be associated with decrements in FEFzs%-7so/o 

and FEF7so/o and, to a lesser extent or not at all, in FVC and 

FEV1. This hypothesis derives from the data cited above on 

the presumed site of ozone effect in the human lung. De

spite the directionality ofthe hypothesis, all tests of signifi

cance and confidence intervals were based on a two-sided 

test to provide the most conservative approach to infer

ence. 

The pulmonary function values from the curve with the 

highest sum of FVC + FEV1 were used as the dependent 

variables. Before being entered into the regression, each 

individual's ELT exposure was first standardized to permit 

comparison of the results between the two ozone metrics, 

which have different units and distributions, using 

EXi' = (EXi- EX.) I SDEx (5) 

where EX. is the mean ELT across all EXi and SDEx is the 

SD of the distribution of EXi. 

The regression coefficients for EXi' indicate the change 

in lung function for a change in the metric for EL T exposure 

to ozone equal to the SD of its distribution. The basic 

regression model included dummy variables for sex, region 

(LAB versus SFBA), and ethnicity, and also included height 

and a region-by-sex interaction term (based on preliminary 

analyses). Age was not a significant variable owing to the 

very narrow age range of the sample. Interaction terms for 

exposure and sex, region, or ethnicity were tested but were 

not found to be significant. All analyses fulfilled the Gauss

ian distribution assumptions for the residuals derived from 

regression models. 

All analyses were carried out with SAS (SAS Institute 

Inc. 1989b) and STATA (Stata Corp. 1993) for personal 

computers. 

RESULTS 

GENERAL RESULTS 

There were 175 subjects enrolled in the component of the 

overall study related to evaluating the reliability of the 

questionnaire (Table 3). The only significant difference 

between students from LAB (n = 80) and those from SFBA 

(n = 95) was that more subjects from SFBA were of Asian/ 

Pacific Islander ethnicity and more subjects from LAB were 

of Hispanic ethnicity (Table 3). Ofthese 175 subjects, 130 

also participated in the pulmonary function protocol (Table 

4). Subjects from SFBA were significantly overrepresented 

(93.7% versus 51.3% for LAB; x2(1) = 40.94, p = 0.000) in 

the pulmonary function protocol, because the first panel of 

LAB students was used, almost exclusively, for evaluation 

of questionnaire reliability. There were no significant dif

ferences in the region-specific distributions of sex, ethnicity, 

or age between students who participated in the pulmonary 

function protocol and those who did not. There were no 

Table 3. Characteristics of Study Subjects Who Participated in Questionnaire Reliability Study 

San Francisco 
Characteristic Bay Area 

Sexa 
Female 39 (41) 
Male 56 (59) 

Ethnicitya 
Asian/Pacific Islander 65 (68) 
Caucasian 24 (25) 
Otherb 6 (7) 

Age [years]c 19.0 ± 0.6 

Number of lifetime 2.3±1.1 
residencesc 

"Values are number of subjects (percentage of cell total). 

h This category includes Hispanic, African American, and "other" unspecified. 

"Values are means± SD. 

Los Angeles 
Basin Total 

38 (48) 77 (44) 
42 (52) 98 (56) 

29 (36) 94 (54) 
29 (36) 53 (30) 
22 (28) 28 (16) 

19.1±0.8 19.0 ± 0.7 

2.2 ± 1.2 2.3 ± 1.1 
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significant differences in the mean levels of FEFzs%-75% 
and FEF7s% between the 130 subjects with pulmonary 
function and questionnaire data and those 109 subjects who 
did not participate in the exposure assignment evaluation. 
In the group of 130 subjects L'.Nz was slightly larger than in 
the group of 109 students (1.11% ANz/L versus 1.02%, p = 
0.07; Kruskal-Wallis ANOVA). Both FVC and FEV1 and 
their sex-height2 -adjusted values were significantly larger 
for the 130 subjects who were included in the exposure 
assignment (4.37 L versus 4.04 L for FVC, p = 0.006; 3.73 L 
versus 3.52 L for FEV1, p = 0.03). 

Part II: Estimation of Lifetime Ozone Exposure (California Sites) 

One or more reported residences were excluded from the 
analyses for the following reasons: residence duration less 
than three months (one residence for 33 subjects; two resi
dences for 5 subjects; and three foreign residences for 1 
subject). These residences accounted for 4.5% of the total 
lifetime person-years of the study subjects. After these 
exclusions, there were 398 California residences that met 
the study criteria. Twenty-nine percent of subjects reported 
having only a single residence, and 16% reported having as 
many as four or five residences (Table 5). 

Table 4. Characteristics of Study Subjects Who Participated in the Questionnaire Reliability Study and Were Selected for the Pulmonary Function Protocol 

San Francisco Los Angeles 
Characteristic Bay Area Basin Total 

Sexa 
Female 35 (39) 18 (44) 53 (41) 
Male 54 (61) 23 (56) 77 (59) 

Ethnicitya 
Asian/Pacific Islander 60 (67) 16 (39) 76 (58) Caucasian 23 (26) 17(41) 40 (31) Otherb 6 (7) 8 (20) 14(11) 

Age [yearsr 18.5 ± 0.7 18.8 ± 1.0 18.6 ± 0.8 

Height [cm]c 
Female 162.1±9.9 164.1 ± 10.9 162.7 ± 10.2 Male 174.2 ± 7.4 177.6 ± 7.0 175.2 ± 9.7 

Weight [kg]c 
Female 60.8 ± 12.9 63.2 ± 10.9 61.6 ± 12.0 Male 69.9 ± 9.7 72.5 ± 7.0 70.7 ± 9.7 

Female lung functionc 
FVC [L] 3.54 ± 0.50 3.84 ± 0.56 3.64 ± 0.54 FEV1 [L] 3.13 ± 0.44 3.31 ± 0.41 3.19 ± 0.43 FEFzs%-75% [Lisee] 3.76 ± 0.87 3.92 ± 0.87 3.81 ± 0.87 FEF75% [Lisee] 2.04 ± 0.65 2.12 ± 0.68 2.06 ± 0.66 ANz [%L'.Nz/L] 0.99 ± 0.51 0.96 ± 0.37 0.98 ± 0.46 

Male lung functionc 
FVC[L] 4.87 ± 0.77 5.09 ± 0.82 4.94 ± 0.78 FEV1 [L] 4.19 ± 0.62 4.29 ± 0.72 4.22 ± 0.65 FEFzs%-75% [Lisee] 4.73 ± 1.10 4.58±1.12 4.68 ± 1.10 FEF7s% [Lisee] 2.50 ± 0.71 2.48 ± 0.76 2.49 ± 0.72 L'.Nz [%L'.Nz/L] 0.97 ± 0.20 0.86 ± 0.36 0.94 ± 0.41 

a Values are number of subjects (percentage of cell total). 
h This category includes Hispanic, African American, and "other" unspecified. 
c Values are means± SD. 
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Table 5. Distribution of Number of Lifetime Residences by Sex and Region for Subjects Who Participated in 
Questionnaire Reliability Study 

Total Number of California Lifetime Residences Reported 
(% of Row Total) 

Group 1 2 3 

Sex 
Female 19 (24.4) 30 (38.5) 15 (19.2) 
Male 31 (32.0) 32 (33.0) 21 (21.7) 

Raised in 
LAB 27 (33.8) 28 (35.0) 10 (12.5) 
SFBA 23 (24.2) 34 (35.8) 26 (27.4) 

Area total 50 (28.8) 62 (35.4) 36 (20.6) 

a For this column the numbers in parentheses are percentages within each group. 

A preliminary analysis was undertaken, with the use of 
responses obtained at the first session, to ascertain the extent 
to which students were able to provide an answer other than 
"Don't know/remember" for various question groups. Gen

eral data that may have directly influenced the exposure 
assignment are summarized. Residential and activity data 
are presented in detail in the next two sections. 

Among residence characteristics that may have influ
enced the exposure assignment, for 13.8% of all residences 
(only 0.6% oflast residences), subjects could not remember 
if an air conditioner was present in the horne. For more than 
20% of all residences (exact percentage dependent on 
month ofthe year), subjects could not remember if windows 
were kept open or shut during various months of the year. 
This number was reduced to 2% or less for the last resi
dences reported. Similar results were observed for the types 
of heating and cooking fuels that were used in the homes. 

For more than 90% of residences, students could identify 
whether or not the schools that they attended were within 
three miles of their homes. Seventy-three percent of ele
mentary schools and 86% of high schools were reported to 
be within three miles of the residences for which the report 
was being made. For 75% of high schools, the estimated 
time to travel from horne to school was no more than 15 
minutes (for 90%, no more than 30 minutes). This suggests 
that estimates of exposure based on residence also were 
reasonable for school locations. 

All questions that were related to driving patterns and 

location of driving contained very high frequencies of 

"Don't know"(> 14%). 

All All 
4 5 Subjects a Residencesa 

8 (10.3) 6 (7.7) 78 (44.6) 186 (46.7) 
11(11.3) 2 (2.1) 97 (55.4) 212 (53.3) 

10 (12.5) 5 (6.3) 80 (45.7) 178 (44.7) 
9 (9.5) 3 (3.2) 95 (54.3) 220 (55.3) 

19 (10.9) 8 (4.6) 175 398 

RELIABILiTY OF RESIDENTIAL HISTORY 

The number ofresidences and the town/city reported for 
each residence were identical for test and retest visits. 
Students who reported more than two residences were less 
likely to report reliably the same residential location (Table 
6). Overall, for 78% of all residences test and retest ad
dresses were identical, when an identical address was defined 

as report of either the same zip code and street name or the 
same street name and street number at both test sessions 
(Table 6). For approximately 8% of addresses, the street 
name only was inconsistently reported (data not shown), 
and some of these, undoubtedly, could have been assigned 
unequivocally to a zip code if an effort had been made to 
clarify the street name. If this had been done, the percentage 
of lifetime addresses for those with three and four resi
dences would have increased to 85.2% and 76.3%, respec
tively, and the number of reliably reported first, second, and 
third residences would have increased to 77.3%, 90.4%, 
and 93.6%, respectively (from 66.3%, 83.2%, and 88.9%; 
see Table 6). A similar problem was identified with the 
"from" and "to" dates (Table 6), with reliable dates reported 
for only 80% or less of residences for those with three to 
five residences. 

From the reliability of the individual residential histo

ries, the reliability of estimated lifetime residential history 

was estimated. On average, each subject provided 17.8 

years(± 1.2 years) of lifetime history, of which, on average, 

15.8 years(± 2.6 years) was estimated reliably (Table 7). For 

10% of subjects, 67% or less of their lifetime was defined 

reliably as determined by residential dates (Figure 2). As 
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expected, the reliability of total lifetime residential history 
was inversely related to the number of residences (Figure 
2). The 50th percentiles (medians) of the percentages of 
reliably reported lifetimes for one, two, three, four, and five 
residences were 100%, 95%, 83%, 80%, and 79%, respec
tively-that is, for subjects with three or more residences, 
50% reliably reported less than 90% of their total lifetime 
residential history. 

Part II: Estimation of Lifetime Ozone Exposure (Califomia Sites) 

Figures 3 and 4 present the impact of the unreliability of 
the total residence-based lifetime on ELT exposure to ozone 
as derived from the ecologic model (see Table 2 and Ap
proaches Used to Assign Effective Lifetime Exposures sec
tion, above). Figure 3 shows the test-retest estimates of the 
average daily ozone concentration (ppb) per month (based 
on the eight-hour averages, see Effective Lifetime Exposure 
section, above) for each residence. The median per-resi-

Table 6. Percentage of Agreement in Residence Location Reporting at Test Sessions 1 and 2 and Quality of Dates 

Number(%) Reporting at Least 
Month and Yearb 

Number of Students Identical 
Group [Residences] Address (%)a "From" Dates "To" Dates 

Number of lifetime 
residences 

1 50 [50] 100 49 (98.0) 50 (100) 
2 62 [124] 84.7 110 (88.7) 113 (91.1) 
3 36 [108] 71.3 87 (80.6) 87 (80.6) 
4 19 [76] 65.8 54 (71.1) 55 (72.4) 
5 72.5 28 (70.0) 29 (72.5) 

Residence number 
1 (Mostly from birth) 175 66.3 167 (95.4) 136 (77.7) 
2 125 83.2 88 (70.4) 107 (85.6) 
3 63 88.9 46 (73.0) 55 (87.3) 
4 27 100 19 (70.4) 27 (100) 
5 8 100 8 (100) 8 (100) 

Total 175 [398] 78.1 328 (82.4) 333 (83.7) 

'Identical address was defined as the same street name and zip code, or the same street name and number, reported on both visits. 
h Starting ("from") and ending ("to") dates had to be indicated with at least a month and year; see text section Creation of Lifetime Residential History. 

Table 7. Estimates of Total Lifetime Residential History Reliably Defined a 

Total Lifetime Residences Number of 
Reported Subjects 

1 50 
2 62 
3 36 
4 19 
5 8 

Totals 175 

a See text section Creation of Lifetime Residential History for details. 
h Values are means± SD. 
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Total Time 
Assessed [years]b 

17.8 ± 1.2 
17.4 ± 1.5 
17.9 ± 0.9 
18.0 ± 0.8 
17.9±0.8 

17.8±1.2 

Total Time Defined 
Reliably [yeard 

17.8±1.2 
16.0 ± 2.0 
14.7 ± 2.7 
13.6 ± 2.9 
13.2 ± 3.3 

15.8 ± 2.6 
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dence difference was 0.1 ppb, and the 95th percentile of the 

distribution was 8.9 ppb. The overall agreement for each 

residence was high (intraclass correlation = 0.93), and a 

nested random effects AN OVA of the average daily concen

tration (ppb) assigned to each residence gave the following 

partition of the overall variance of the residence-specific 

estimates based on the ecologic model: between-visit vari

ance, 6. 7%; between-residence variance, 2 5. 3%; and between

subject variance, 67.9%. Residential exposure assignments 

for the 23 residences with test-retest differences of more 
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Figure 2. Percentage of total lifetime residential history defined reliably at 

both test sessions stratified by the number of total lifetime residences 

reported. Box widths are proportional to the number of subjects in each group 

(see Table 7). The middle bar in each box is the median, and the bottom and 

top ends of the box are the 25th and 75th percentiles of the distributions. 

Lines extending from the box have the approximate interpretation as the 

bounds of ± 2 SD. Circles represent data points that have the approximate 

interpretation of± 3 SD. 
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Figure 3. Estimates of average daily ozone exposure (ppb) per month for 

each residence, based on the ecologic model applied to eight-hour averages, 

from test session 1 residential history versus estimates from test session 2 

residential history. The symbol 1 refers to a difference of more than 8 ppb 

between test sessions 1 and 2. 

than 8 ppb tended to be of shorter duration (median = 24 

months; 25th, 75th percentiles = 9.8, 56.4 months) than 

residences for which the differences were 8 ppb or less 

(median = 80 months; 25th, 75th percentiles = 38, 155 

months). As the least reliable estimates of exposure assign

ment that are based on the ecologic model come from 

residences of the shortest duration, the overall lifetime 

estimates for each individual are likely to be estimated 

more reliably (see above, Equation 4). This is demonstrated 

in Figure 4, in which the scatter of the data around a line of 

identity is far less than that for the individual residence

based assignments. Only 1% of the overall variance of the 

EL T exposure was due to between-visit variability (i.e., 

intraclass correlation = 0.99) when based on the ecologic 

model. Ninety percent of the differences in Figure 4 were 

between -1.7 and 1.4 ppb. 

RELIABILITY OF ACTIVITY QUESTIONS 

On average, subjects reported that they performed mod

erate activities at 69% ofresidences and heavy activities at 

67% (Table 8). Males were more likely to report heavy 

activities than were females. For both moderate and heavy 

activities, males reported more activity times per month 

and more hours per session. There were no differences in 

the activity patterns across ethnic groups. Inability to re

member the number of times per month that an activity was 

performed (Table 8) was more common for activities clas

sified as moderate (19%) than for activities classified as 

heavy (13%). A similar, but less distinct pattern was ob

served for the number of hours per session (Table 8). 

Overall, residence-specific data sufficient to calculate 

the time individuals spent in activities were available for 

77% of residences for moderate activities and 82% for 
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Figure 4. Estimates of each subject's lifetime, weighted-average, daily ozone 

exposure (ppb) per month, based on the ecologic model applied to eight-hour 

averages, from test session 1 residential histories versus estimates from test 

session 2 residential histories. 
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heavy activities (Table 9). There were no differences be
tween LAB and SFBA subjects in the percentages of resi
dences for which complete numeric data were available on 
doers who performed moderate and heavy activities (Table 
9). Residence-specific data tended to be more complete for 
female than for male doers (Table 9). Students from LAB 
reported a higher percentage, compared with students from 

Part II: Estimation of Lifetime Ozone Exposure (California Sites) 

SFBA, of residences at which they performed moderate 
activities (72% versus 66%) and heavy activities (74% versus 
62%) (Table 9). 

The structure of the questionnaire made it difficult to 
determine the extent to which the completeness of the 
quantitative data was a function of the number of resi
dences versus the time elapsed since the events occurred-

Table 8. Residence-Specific Distribution of Answers to Activity Questions Based on Questionnaire Responses at Test Session 1 

Number Outcome of Questions About Outcome of Questions About 
(%)Who Number of Times per Month a Hours per Sessiona 

Total Perform 
Activity Residences Activity Numeric "Don't Times per Numeric "Don't Hours per Group Reported (Doers) Answerb Remember"b Manthe Answerb Remember"b Sessionc 

Moderate 
Female 183 127 (69.4) 106 (83) 21 (17) 12.8 (7.6) 111 (87) 16 (13) 1.4(1.1) Male 215 147 (68.4) 115 (78) 32 (22) 14.7 (9.9) 118 (80) 29 (20) 1.6 (1.1) Subtotal 398 274 (68.8) 221 (81) 53 (19) 13.8 (8.9) 229 (84) 45 (16) 1.5 (1.1) 

Heavy 
Female 183 112 (61.2) 102 (91) 10 (9) 15.1 (7.0) 98 (88) 14 (12) 1.8 (1.5) Male 215 156 (72.6) 132 (85) 24 (15) 16.4 (9.4) 134 (86) 22 (14) 2.2 (1.0) Subtotal 398 268 (67.3) 234 (87) 34 (13) 15.8 (8.4) 232 (87) 34 (13) 2.0 (1.3) 

a Numeric answer; quantitative answer given; "Don't remember"; "Don't remember how much." 
h Values are number of answers (percentage of doers). 
c Values are means(± SD) only for doers who provided a numeric answer to the respective question. 

Table 9. Completeness of Data for Doers of Moderate and Heavy Activities Based on Questionnaire Responses at Test Session 1 

Residences at Which Activity Was Performed 

Percentage with Data Total Residences for Times per Month Activity Group Reported Total Number(%) and Hours per Session 

Moderate 
Female 186 127 (69) 80 Male 212 147 (68) 75 

LAB 178 129 (72) 74 SFBA 220 145 (66) 79 

Heavy 
Female 186 112 (61) 87 Male 212 156 (73) 79 

LAB 178 131 (74) 84 SFBA 220 137 (62) 81 
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that is, a subject who had lived at only a single residence 

had to recall activity over an entire lifetime, while a subject 

who had been living at his or her last residence for only a 

few years had to recall activity patterns at that residence for 

a relatively short period of time, without regard to the 

number of previous residences. The effect of average age at 

a residence was most striking in its effect on the complete

ness ofthe data, with data missing for most residences when 

the subject moved at or before 6 years of age (Table 10). 

To provide a more integrated summary of the reliability 

ofthe activity questions, we created the response categories 

in Table 11. The classification permitted the inclusion of 

data for persons who did not perform a given type of 

activity. 

The comparison of the categories "Yes" and "No" evalu

ates the overall repeatability ofthe classification into doers 

and nondoers. Reports for both activity groups were highly 

reliable, with an estimated common sensitivity and speci

ficity of at least 93% and estimated positive and negative 

predictive values of at least 89% (Table 12). Estimates were 

very similar for LAB and SFBA subjects (data not shown). 

The comparison of "Yes"+ numeric answer versus "Yes" 

+"Don't remember" among the doers of activities evaluates 

the reliability of the quantitative estimates for doers. In this 

comparison a positive response is the ability to provide 

numeric answers to the quantitative questions. Based on the 

kappa statistic, the ability to provide a quantitative answer 

was only moderately reliable. However, the estimated 

Table 10. Effect of Mean Age at Residence on Completeness of Data for Doers of Moderate and Heavy Activities Based 

on Questionnaire Responses at Test Session 1 

Activity 
Group a 

Moderate 
Mean age :-::: 3 yr 
Mean age> 3 to 12 yr 
Mean age> 12 yr 

Heavy 
Mean age :'0: 3 yra 
Mean age > 3 to 12 yr 
Mean age> 12 yr 

Total Residences 
Reported 

91 
203 
104 

91 
203 
104 

Residences at Which Activity Was Performed 

Total Number 
(% ofTotal) 

17 (19) 
168 (83) 
89 (86) 

10 (11) 
161 (79) 
97 (93) 

Percentage Without 
Data for Times 
per Month or 

Hours per Session 

82 
23 
11 

80 
17 
9 

a Mean age indicates when subjects moved from residence. 

Table 11. Response Categories to Evaluate Reliability of Activity Questions Based on Responses at Test Session 1 

Category 

"No" (nondoer) 
"Yes" (doer) 
"Yes" + numeric answer 

"Yes"+ "Don't remember" 

Useful 

Not useful 

Definition 

Did not engage in activity 
Did engage in activity 
Engaged in activity and could provide numerical answer to questions on frequency 

and duration 
Engaged in activity but could not provide numerical answer to questions on frequency 

or duration 
Provided a consistent quantifiable answer: either a nondoer with 0 sessions per 

week and 0 time units per session, or a doer in the category "Yes"+ numeric answer 
Doer in the category "Yes"+ "Don't remember," or nondoer with entry other than 0 

for questions on frequency or duration 
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prevalence of a positive response (Table 12) suggests that 
86o/o or more of subjects who are doers can provide the 
quantitative data required to make the questions useful. The 
relatively low estimates for negative predictive values are 
largely driven by the relatively low prevalence of "Don't 
remember" responses and not by lack of specificity (Il = 0. 95 
and 0.94, for moderate and heavy activities, respectively). 
When the residences were stratified by age (see Table 10 for 
strata), data for residences at which the subjects' mean age 

Part II: Estimation of Lifetime Ozone Exposure (California Sites) 

was 3 years or less showed acceptable reliability (kappa = 
0.75 ± 0.28, Il = 0.96 for hours/month) but low expected 
prevalence of ability to provide quantitative data (Pa = 18% 
for hours/month) for moderate activities. In contrast, the 
reliability of reported heavy activity in this age group was 
poor (kappa = 0.33 ± 0.26, Il = 0.38 for hours/month), with a 
low estimate of expected prevalence of data for hours/month 
(Pa = 38%; other data not shown). 

Table 12. Reliability of Residence-Specific Answers to Activity Questions Based on Data from Test Sessions 1 and 2a 

Expected 
Prevalence 

of a 
Total Percentage of Positive Negative Positive Activity Residences Agreement kappa Predictive Predictive Response Group Reported (A) ± SE Value Value Ilb (Fa) 

Moderate 
"Yes" vs "No" answer 398 93 0.83 ± 0.05 0.95 0.89 0.96 0.71 
"Yes"+ numeric answer 262 90 0.66 ± 0.06 0.94 0.72 0.95 0.86 vs "Yes"+ "Don't 

remember" (doer) 
Useful vs not useful 395c 87 0.49 ± 0.05 0.92 0.57 0.93 0.91 

Heavy 
11Yes" vs "No" 398 97 0.93 ± 0.05 0.98 0.95 0.98 0.68 
"Yes"+ numeric answer 262 89 0.56 ± 0.06 0.94 0.62 0.94 0.90 vs "Yes"+ "Don't 

remember" (doer) 
Useful vs not useful 398 90 0.48 ± 0.05 0.94 0.53 0.95 0.94 

• See section Analysis of Questionnaire Data for definition of reliability parameters. 
b Estimate of common sensitivity and specificity. 
c Relevant data are missing for three residences. 
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Figure 5. Comparison between test sessions 1 and 2 of estimated hours per month spent in moderate activities for doers of such activities. (A) All data presented; (B) scale expanded for those with estimates of less than 25 hours/month. 
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Figure 6. Differences between test sessions 1 aud 2 iu estimated hours spent 
in moderate activity versns the averages of estimates from both test sessions. 
Analysis is restricted to doers of moderate activities. 

The above analysis ignores the fact that subjects who 

reliably report themselves as nondoers at a given residence 

do contribute quantitative data (0 times and 0 time units 

per session) that can be used to estimate the number of 

hours per month spent in the two activity groups. The 

comparison of "Useful" versus "Not useful" includes these 

subjects. In this com paris on, positive agreement is defined 

as the provision of quantitative data at test and retest and 

remaining in the same category of doer or non doer. (For this 

comparison, an inherently 3 x 3 table is collapsed into a 2 

x 2 table.) The relatively low kappa statistics and negative 

predictive value for this comparison (Table 12) are largely 

the result of the considerable lack of balance in the margins 

(i.e., relatively small numbers of residences in the not 

useful category). The estimated prevalence of residences for 

which useful data can be obtained is greater than 0.90 for 

both activity groups, as are the estimates for common sen

sitivity and specificity and positive predictive value. 

To evaluate the reliability of the estimates of the hours 

per month spent in the activity groups, the analysis was 

restricted to doers. Test-retest differences in estimated 

hours per month spent in moderate activities (for doers) are 

presented in Figures 5 and 6. Reliability decreased as the 

estimated number of hours per month increased. This is 

seen most clearly in Figure 6. For moderate activity, the 

correlations between the test-retest average and difference 

were 0.60 and 0.38, respectively (expectation between 

mean and difference is zero correlation [Altman and Bland 

1983]). The average test-retest difference in the estimates 

was approximately one hour for both categories of activity 

(Table 13). The between-test session SDs for moderate 

activities (1.74) and heavy activities (1.89) represent 27% 

and 36% of the total variance for the estimated 

Table 13. Reliability of Activity Measures Among Doers of Moderate and Heavy Activities 

Standard Deviation Percentage of Variance 
Between Between 

Activity Meanav Meandiff SDdiff/ 
Group na ± SDavb ± SDdifl SDav r d Subject Residence Test Subject Residence Test p 

Moderate 
Female 95R 9.9 ± 2.8 1.0 ± 2.2 0.79 0.74 2.27 1.64 1.76 54.2 19.9 26.0 

Male 105R 14.7 ± 2.5 0.9 ± 2.1 0.87 0.70 2.03 1.55 1.72 51.1 18.7 30.3 

Total 200R 12.1±2.7 1.0 ± 2.1 0.82 0.73 2.18 1.59 1.74 53.5 19.3 27.3 

Last 12 moe 114S 9.1 ± 2.6 1.0 ± 2.2 0.92 0.66 2.31 1.85 65.5 34.4 

Heavy 
Female 90R 15.5 ± 2.7 1.1 ± 2.9 1.08 0.57 1.59 2.01 2.14 16.7 38.3 44.9 

Male 120R 24.5 ± 2.3 1.1 ± 2.0 0.87 0.71 1.61 1.80 1.64 27.8 42.1 30.2 

Total 210R 20.1 ± 2.5 1.1±2.4 0.94 0.64 1.68 1.89 1.86 25.4 38.2 36.4 
Last 12 moe 118S 15.1 ± 2.5 1.1 ± 2.0 0.78 0.75 2.34 1.64 74.9 25.1 

a Number of residences (R) or subjects (S). 

b Overall mean± SD of distribution of mean test-retest estimated hours/month in activity, log transformed. 

'Overall mean± SD of test-retest difference in estimated hours/month in activity. 

d Pearson correlation coefficient for test-retest estimates. 

"Restricted to answers that relate to the 12 months before coming to the University of California, Berkeley. 
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hours/month (last column of Table 13). The greater vari
ance estimate for heavy activities was driven by females 
who reported these types of activities less reliably than they 
did moderate activities. Thus, if the variance due to resi
dence is considered as part of the overall between-subject 
variance, the estimated intraclass correlations for estimates 
of hours/month spent in moderate and heavy activities are 
0.73 and 0.64, respectively. 

The ability ofthe subjects to report their activity patterns 
over shorter time intervals was evaluated by restricting the 
analysis to questions that asked about activities over the 12 
months before the students came to the University of Cali
fornia, Berkeley (Table 13). There was relatively little dif
ference in the estimates of the reliability of reporting hours 
per month in moderate activities (estimated intraclass cor-

Part II: Estimation of Lifetime Ozone Exposure (California Sites) 

relation = 0.66). The estimated intraclass correlation for 
heavy activities was substantially larger (0.75), which 
means that between-test variability still accounted for 25% 
of the overall variance for the estimate of hours per month 
spent in heavy activities over the preceding year. 

Table 14 presents reliability estimates for ELT exposure 
to ambient ozone for several of the approaches presented in 
Table 2. All ELT estimates showed very high reliability, 
with test-retest variability accounting for 9% or less of the 
total variation for any measure (i.e., intraclass correlations 
;?: 91 %). The estimates based on the main model for both 
metrics were the least reliable owing to the inclusion of the 
detailed activity reports in the estimates (Table 14; Figures 
7 and 8). For ppb-hours based on the 10 a.m. to 6 p.m. average 
ozone concentrations, the main model gave the highest esti-

Table 14. Distribution of Effective Lifetime Exposure Derived from Test Session 1 and Estimates of Reliability of Effective Lifetime Exposure Based on Answers to Questions at Both Test Sessions 1 and 2 

Percentile of Test Session 1 
Distribution 

Exposure I/0 Mean± SD Intraclass Metric Approach a Ratio for Test 1 25th 50th 75th SDdiff SDav Correlation 

8-Hour average Main 0.2 171 ± 100 92 152 226 41.3 92.4 0.91 [ppb-hours] model 0.5 238 ± 123 137 209 327 43.2 117.2 0.94 
Time 0.2 95 ± 45 54 83 137 6.8 44.1 0.99 outdoors 0.5 166 ± 77 93 144 240 11.4 76.0 0.99 model 

Ecologic b 35 ± 16 20 31 51 2.41 16.2 0.99 model 

Hours/month Main 0.2 19.2 ± 22 1.5 8.5 35.5 6.6 21.0 0.95 > 60 ppb model 0.5 26.8 ± 29.5 2.0 10.7 53.5 7.0 28.7 0.97 
Time 0.2 10.7 ± 11.7 0.8 4.8 23.7 1.2 11.6 0.99 outdoors 0.5 19.0 ± 20.2 1.4 8.2 41.2 2.0 20.1 0.99 model 

Ecologic b 32.3 ± 34.5 2.5 13.8 70.2 3.4 34.4 0.99 model 

a See Table 2 for details. 
h Not used in ecologic model. 
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mates, followed by the time outdoors model and the 
ecologic model (Table 14). For hours of exposure above 60 

ppb ozone, the ecologic model resulted in the highest 
average lifetime exposure, as it fails to account for time 
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spent indoors; the time outdoors model provided the lowest 
estimate, and the main model, which uses all ofthe activity 
data, produced an estimate that was between those of the 
two other approaches. 
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Figure 7. Differences between test sessions 1 and 2 in ozone metrics based on 10 a.m. to 6 p.m. averages. (A) "Effective" ppb-hours/month based on the main 
model; (B) average ppb/month based on the ecologic model. ' 
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The distributions of EL T exposure to ozone, based on the 
hours above 60 ppb as estimated in the main model, were 
substantially different for SFBA and LAB with little overlap 
(Figure 9). A similar result was observed when exposure 
assignment was based on the ecologic model, although 
there was somewhat less overlap at the low end of the LAB 
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distribution (Figure 10). A similar pattern was observed for 
ppb-hours based on the 10 a.m. to 6 p.m. average ozone 
concentration (Figures 11 and 12). These differences are 
further summarized in Figure 13 for metrics based Qn the 
eight-hour average ozone concentration. 
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Figure 9. Distribution of estimated lifetime ozone exposure for hours above 60 ppb from the main model (IJO = O.Z) for SFBA students and LAB students. Median (25th, 75th percentiles) of distributions: SFBA, 1.8 hours (0.6, 9.0); LAB, 36.6 hours (24.5, 47.3). Vertical line= 18 hours. 
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As no direct assessment of personal lifetime exposure to 

any ambient air pollutant is available (or likely under the 
assumption that no biological dosimeter is identified), no 

direct test of the validity of the reported activity data is 

possible. Therefore, the potential usefulness of the various 
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approaches to lifetime exposure assignment (Table 2) was 

evaluated by an analysis of the relation between the lifetime 
exposure assignments under each scenario in Table 2 and 

the level of various measures of lung function in the subset 

of 130 subjects for whom lung function data were available. 
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Figure 11. Distribution of estimated lifetime ozone exposure for effective ppb-hours per month derived from the main model, based on 10 a.m. to 6 p.m. 
average ozone concentrations for SFBA students and LAB students. Median (25th, 75th percentiles) of distributions: SFBA, 94 (77, 124); LAB, 232 (190, 370). 

Vertical line= 250 ppb-hours. 
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Figure 12. Distribution of estimated lifetime ozone exposure for ppb-hours per month derived from the ecologic model based on 10 a.m. to 6 p.m. average 
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average ozone concentrations for all175 subjects. They-axis is based on the 
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Part II: Estimation of Lifetime Ozone Exposure (Califomia Sites) 

Table 15 presents, for the 130 subjects with lung function 
measurements, the relevant components of several of the 
approaches outlined in Table 2. The estimates of effective 
exposure time were not significantly different for SFBA and 
LAB subjects. Not surprisingly, assumptions with regard to 
the I/0 ozone exposure ratio had a strong impact on the 
magnitude of the effective exposure time estimates. In the 
main model, approximately 40% of the effective exposure 
time was accounted for by the weights assigned to moderate 
and heavy activity (average weights of 4.5 and 2.7 hours, 
respectively). 

As expected, all estimates for EL T exposure to ozone 
were substantially greater for LAB subjects than for SFBA 
subjects (Table 15). The ELT exposures to ozone based on 
average ppb-hours were always the lowest for the ecologic 
method. However, estimates for hours above 60 ppb were 
greater for the ecologic method, because this measure 
makes no allowance for time spent indoors. As was the case 
for the data from all175 subjects, there was relatively little 

Table 15. Distribution of Effective Lifetime Exposure Ozone Time and Concentration 

San Francisco Los Angeles 
Approach a I/0 Ratio Bay Areab Basinb 

Effective exposure Main model 0.2 4.5 [3.5-5.3] 4.6 [3.9-5.5] time [hours/day] Main model 0.5 6.3 [5.5-7.2] 6.4 [5.8-7.3] 
Time outdoors 0.2 2.7 [2.6-2.7] 2.7 [2.6-2.7] 

model 

Effective exposure Main model 0.2 94 [77-124] 228 [205-272] concentration Main model 0.5 142 [111-176] 328 [291-368] 
[ppb-hours]c Time outdoors 0.2 60 [47-75] 138 [108-159] 

model 
Ecologic model d 23 [17-28] 52 [40-60] 

Effective exposure Main model 0.2 2.1 [0. 7-4.8] 36 [27-44] concentration Main model 0.5 3.0 [0.8-7.6] 54 [38-62] 
[hours > 60 ppb] Time outdoors 0.2 1.1 [0.4-3.1] 24 [17-29] 

model 
Ecologic model 3.2 [1.1-9.0] 70 [52-87] 

PM1o [~-tg/m 3 ]e Ecologic model 31.2 [30-32] 51.1 [46-54] 
NOz [~-tg/m 3 ] Ecologic model 25.0 [23-26] 45.4 [41-48] 
Temperature [OF] Ecologic model 57.8 [57-59] 63.3 [63-64] 
Relative humidity[%] Ecologic model 73.2 [68-74] 68.5 [67-70] 

a See Table 2 for definitions. 

b Median with [25th-75th percentiles of distribution] given in brackets. 
c Based on 10 a.m.-6 p.m. average monthly day; see text sections Time Element of the Exposure Assignment, Monthly Effective Exposure, Summary of Effective Exposure for a Given Residence, and Effective Lifetime Exposure for details. 
d Not used in ecologic model. 

e Uses same ecologic approach applied to ozone. 
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overlap in the distributions of lifetime ozone exposures for 

SFBA and LAB subjects. The 95th percentile for SFBA 

subjects' average lifetime 10 a.m. to 6 p.m. ozone exposure 

based on the ecologic model (32 ppb) corresponded to the 

5th percentile of the distribution for LAB subjects. A similar 

situation was observed for the EL T exposure to ozone based 

on the main model (Figure 14). The correlation of the 

estimates of the EL T exposure to ozone based on the main 

model with the lifetime average derived from the purely 

ecologic model was 0.88 overall, 0.75 for SFBA, and 0.56 

for LAB. Virtually identical relations were observed when 

the region-specific data were plotted for all175 subjects and 

when the data were plotted stratified by those with pulmo

nary function data (n = 130) and those without pulmonary 

function data (n = 45). 

Median PM10 and NOz were greater for LAB subjects 

(51.1 J.!g/m3 and 45.4 J.!g/m3
, respectively) than for SFBA 

subjects (31.2 J.!g/m3 and 25.0 J.!g/m3
, respectively) (Table 

15), and there was relatively little overlap in the ranges. 

The relations between levels of FVC and FEV1 and esti

mates of lifetime ozone exposure were inconsistent, and 

none approached statistical significance (Table 16). For the 

main model, the ozone coefficients were very close to zero, 

and one had a positive sign. None ofthe coefficients for FVC 

was significant (Table 16). For FEV1, the most negative 
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Figure 14. Effective lifetime exposure based on 10 a.m. to 6 p.m. average 

ozone for 130 subjects with lung function measurements. They-axis is based 

on the ecologic model and the x-axis on the main model;+= SFBA, /:o. =LAB. 

Table 16. Relation Between Levels of Measures of Lung Function and Standardized Measures of Estimated Lifetime 

Exposure to Ozone 

1SD of Regression Coefficients ± SE for Ozone Effectb 
Exposure 

Effective Lifetime Distribution 
Exposure [min/max] a FVC FEV1 FEFzs%-75% FEF7s% ~Nz 

Hours > 60 ppb [hours/month] 
Main model0 18.8 [2/85] 0.0±.1 -.092 ±.085 -.326 ±.168d -.252 ± .1178 +.033 ± .075 

Time outdoors model 10.5 [2/35] -.167 ±.111 -.195 ±.0968 -.361 ±.1 92d -.242 ± .134d +.017 ± .086 

Ecologic model 30.8 [1/104] -.148 ±.112 -.179 ±.096d -.348 ±.193d -.241 ± .134d +.008 ± .086 

Ecologic model: age ~ 12 yr 28.3 [.2/110] +.004 ± .090 -.048 ±.080 -.196 ±.156 -.190 ± .108d -.045 ± .067 

Ecologic model: age < 6 yr 4.3 [1/14] -.137 ±.116 -.196 ±.099" -.416 ±.zoo• -.262 ± .139d +.060 ± .080 

10 a.m.-6 p.m. ppb-hours/day 
Main modele 89.6 [45/583] +.066 ± .074 -.030 ±.065 -.224 ±.128d -.190 ± .089" -.052 ± .056 

Time outdoors model 40.8 [40/1 99] -.039 ±.102 -.105 ±.087 -.320 ±.174d -.243 ± .1218 -.079 ± .079 

Ecologic model 14.8 [16/74] -.020 ±.103 -.092 ±.089 -.331 ±.176" -.247 ± .1228 -.089 ± .079 

Ecologic model: age ~ 12 yr 12.7 [17/74] +.109 ± .090 +.003 ± .080 -.236 ±.153 -.253 ± .1os• -.100 ± .067 

Ecologic model: age < 6 yr 18.1 [14/75] -.024 ±.105 -.115 ±.091 -.360 ±.180d -.260 ± .1259 -.150 ± .080 

a See text section Analyses of the Relation of Effective Lifetime Exposure to Ozone and Pulmonary Function for standardization [minimum and maximum 

ozone exposures from the distributions]. 

b For each approach, test session 1 data were used for multiple linear regression model of the form: lung function= a+ b (standardized lifetime ozone exposure) 

+ c (height)+ e (sex)+ f (region) + g (sex x region)+ error. 

c See Table 2 for definitions of models. 

d p,:; 0.1 for regression coefficient "b." 

e p,:; 0.05 for regression coefficient "b." 
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coefficients were observed for the time outdoors model, 
overall ecologic model, and the ecologic model for ages 6 
and below for hours above 60 ppb. An increase in lifetime 
hours above 60 ppb of 1 SD was estimated to result in a 
reduction of FEV1 of -195 mL (95% confidence interval 
[CI] -7 mL, -383 mL) for the time outdoors model and -179 
mL (95% CI +9 mL, -367 mL) for the ecologic model. 

In contrast, levels of FEFz5o/o-75o/o and FEF7s;/o consis
tently decreased as EL T ozone exposure increased for hours 
above 60 ppb and ppb-hours/day (Table 16). For hours 
above 60 ppb, the coefficients were relatively similar for each 
flow measure for the main, time outdoors, and ecologic mod
els. Based on the main model, an increase of 1 SD in the 
estimated lifetime hours above 60 ppb was associated with 
decreases of-326 mL!sec (95% CI +3 mL!sec, -655 mL!sec) 
for FEF25 %_75 %, and -252 mL!sec (95% CI -23 mL!sec, -481 
mL!sec) for FEF75 %. These average decreases represent 
decrements of 7% and 10% when referenced to the overall 
means for these flows (Table 4). The magnitude ofthe effect 
for the main model estimate for ppb-hours/day was less for 
both flow measures and represented decrements of 5% and 
8% compared with the population means. 

No meaningful relations were observed between ozone 
exposure estimates and ~Nz. In fact, for ppb-hours, all of 
the coefficients had negative signs, which indicates de
creases in the slope with increasing ozone exposure, rather 
than the expected increase. 

Analyses were conducted to determine if the age stratum 
over which exposure occurred altered the relation between 
ELT exposure to ozone and measures of pulmonary func
tion (Table 16). Only ecologic models were used for this 
analysis. Exposure was divided into that which occurred 
before 6 years of age and that which occurred at 12 years of 
age or older. For FVC and FEV1, the estimated regression 
coefficients had positive signs (effect estimate in the oppo
site direction of expected) for both ozone metrics for expo
sures at 12 years or older (Table 16). For exposures before 
age 6, the effect on FVC was inconsistent. FEV1 appeared 
to decrease with increasing hours above 60 ppb (-196 mL 
SD; 95% CI +390 mL, -2 mL). In contrast to the volume 
measures, both flow measures showed a more consistent 
decrease with increasing estimated ozone exposure for both 
ozone metrics, with the effects being largest for exposures 
before age 6 (Table 16). For example, for hours above 60 
ppb, an increase of 1 SD in EL T exposure before age 6 was 
associated with a decrease in FEF7s% of -262 mL!sec (95% 
CI +10 mL!sec, -534 mL!sec) compared with a decrease of 
-190 mL!sec (95% CI +22 mL!sec, -402 mL!sec) for expo
sure that occurred at age 12 or older. 
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The basic regression diagnostics to evaluate the appro
priateness of a linear model for describing the data are pro
vided in Appendix D. The fit of the models was substantially 
better for FVC and FEV1 than it was for FEFz5o/o-75% and 
FEF75% (see also Table 17, ?). However, in the case of these 
flow measures, plots of the observed values versus the 
standardized exposure metric and plots of the residuals indi
cated that a linear model was a reasonable explanatory model. 

A further analysis was undertaken to evaluate the extent 
to which it was reasonable to apply a common slope across 
the disparate exposure distributions for LAB and SFBA 
subjects (analogous to upper left-hand plots in Appendix 
D). Figure 15 shows the FEF7s% residuals from a regression 
of FEF75 % on age, height, sex, and region (exposure metric 
omitted) plotted against the effective lifetime ppb-hours 
based on the main model. The relatively horizontal, LOESS 
smooth curve (Stata Corp. 1993), with a typical value of 0, 
does not provide much evidence for the existence of sepa
rate slopes across regions, at least for these data. 

Several analyses were undertaken to evaluate the sensi
tivity of the observations in Table 16 to various features of 
the main model for FEV1 and FEF75o/o (representative of 
flow measures) (Table 17). Variation of the I/0 exposure 
ratio from 0.2 to 0.5 had little effect on the regression 
coefficients obtained from the main model for hours above 
60 ppb for both function measures. When the data from test 
session 2 were used instead ofthose from test session 1, the 
estimates of ozone effect were virtually identical. 
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Regardless of which covariates were included in the 

model, the coefficients for hours of ozone above 60 ppb 

were always negative for FEF75%. Once region and height 

were entered into the model, the other covariates had little 

effect. Region clearly had the largest effect, as the covariate 

combinations that included region resulted in the largest 

negative coefficients. For FEV1, the model with no covari

ates reflects the larger volumes for students from LAB that 

are seen in Table 4. Addition of sex and height did not 

change the sign, but the addition of sex and ethnicity did 

result in a negative coefficient. This reflects the tendency 

toward smaller volumes in students of Asian descent (see 

Part I), who were overrepresented in the SFBA sample. In 

contrast to FEF7s%, the effect of region was much less 

dramatic on the ozone coefficient for FEV1. 

Estimates of lifetime exposure to PM10 and NOz were 

derived with the ecologic approach that was used for ozone. 

Addition oflifetime estimates for exposure to PM10 resulted 

in a small decrease in the ozone effect estimates (based on 

110 = 0.2) for both measures of function (11% for FEV1 and 

6% for FEF7s%l. but the effect estimate for FEF7s% re

mained statistically significant (Table 17). The addition of 

lifetime exposure to NOz to the model had virtually no impact 

on the ozone effect estimate. Combined addition of PM1o, 

NOz, average temperature, and relative humidity did not 

change the ozone effect coefficient for FEV 1 but had a large 

effect on the ozone effect coefficient for FEF7s% (Table 17). 

DISCUSSION 

RELIABILITY OF QUESTIONNAIRE-BASED 
ESTIMATES OF LIFETIME EXPOSURE TO OZONE 

The present investigation indicates that reproducible 

(reliable) estimates of lifetime exposure to ozone that are 

Table 17. Tests of Sensitivity of Regression Coefficient for Effective Hours of Ozone Above 60 ppb on FEV1 and FEF7s% a 

FEV1 (L) 

Element Whose Regression ? from Regression 

Sensitivity Is Tested Coefficientb SE Regression Coefficientb 

110 ratio 
0.2 -.092 .085 .61 -.252c 

0.5 -.118 .092 .61 -.271c 

Test session 2 data 
I/0 ratio = 0.2 -.144 .090 .63 -.324c 

Model covariatesd 
No covariates (crude) +.022 .067 .001 -.064 

Region, height -.001 .096 .46 -.212e 

Sex, region -.072 .096 .45 -.246c 

Sex, region, ethnicity -.147 .091 .54 -.289c 

Sex, height +.010 .044 .57 -.075 

Sex, region, height -.033 .086 .57 -.221e 

Sex, ethnicity -.036 .046 .60 -.101 

Other pollutantsb 
Main model + PM10 -.083 .085 .61 -.237c 

Main model + NOz -.096 .086 .61 -.257c 

Main model + PM1o + -.100 .090 .62 -.173 

NOz + temp. + humidity 

• Test session 1 data were used for main model only for the same regressions shown in Table 15. 

b Regression coefficient is for the effect of distribution of the standardized ozone effect on measure of lung function. 

c p :s; 0.05. 

d I/0 ratio = 0.2 used for all models. 
6 pS0.1. 

FEF7s% (Lisee) 

? from 
SE Regression 

.117 .18 

.127 .16 

.126 .23 

.064 .01 

.114 .16 

.116 .12 

.117 .15 

.060 .15 

.114 .17 

.063 .16 

.117 .20 

.118 .18 

.124 .22 
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based on questionnaire data in conjunction with an appro
priate database of ambient ozone data can be obtained for 
adolescents and young adults. 

Given that the fundamental step in the method used to 
assign an exposure value was based on interpolation of 
fixed-site ozone monitoring data to a residence, the quality 
of the residential history became the critical determinant of 
reproducibility of the lifetime exposure estimates. Al
though residential histories tended to become less repro
ducible as the number of residences increased, the effect of 
this lack of reproducibility on lifetime exposure estimates 
for ozone was relatively small when exposure assignments 
were determined without considering activity patterns 
(Figure 4; Table 14, ecologic model). This result is due largely 
to the fact that most of the unreliability could be attributed to 
residences of short duration, which received relatively low 
weights in the overall estimate (Equation 4). Obviously, this 
problem could be minimized by restricting samples to 
subjects who lived at the same residence for all of their 
lives. However, such an approach would be inefficient for 
the population studied, as only 29% of the sample had lived 
at a single residence (Table 5). Restricting the sample to 
those with up to two residences still would have reduced 
by 36% the number of available subjects. The interpolation 
method used to assign ambient concentrations to the resi
dence requires only the accurate and reproducible specifi
cation of zip code. If simple efforts had been applied to 
resolve unreliable street names, another 8% of residences 
would have been classified as having reliable locations. As 
virtually all subjects could reliably report the years over 
which they lived at a residence, the reproducibility of 
location became the limiting factor in the overall reliability 
of residential history for the purposes of exposure assign
ment. 

The questionnaire instrument addressed a number of 
other factors that relate to appropriateness of using home 
residence as the basic reference for exposure assignment. 
Approximately two-thirds of all of the schools that the 
subjects reported attending were within three miles oftheir 
residences. For approximately 60% ofthe residences where 
students reported being engaged in moderate or heavy 
activities, these activities were carried out within three 
miles of the residence. Finally, for approximately 80% of 
residences, subjects reported that they had not lived away 
from the residence (e.g., during vacation) for longer than 
two months during the months of May through October 
(months of highest ambient ozone concentrations). Thus, 
for this particular sample of adolescents, residence ap
peared to be a reasonable reference point for the most 
typical ambient ozone concentration to which individuals 
were exposed. 
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The effort to partition subjects' time into typical time 
spent indoors versus outdoors made use of a combination 
of two approaches. A baseline partition utilized data from 
a detailed study of the 24-hour activity patterns of a clus
tered, random-digit-dialing sample of all households in 
California, with the state divided into three strata: Los 
Angeles and the South Coast, the San Francisco Bay Area, 
and the rest of the state (Wiley et al. 1991b). The question 
structure of the questionnaire developed for the present 
investigation elicited responses that were intended to cap
ture the median and upper and lower quartiles of the 
distribution of time spent indoors or outdoors (Appendix 
A, Main Questionnaire, question OD-1). Assignments based 
on these data represent a useful modification of typical 
ecologic assignments. The questions that were necessary for 
the ecologic assignments could be answered with a high 
degree of reproducibility, except that, for the age range less 
than 5 years, the number of"Don't remember" answers was 
large (data not shown). 

The above ecologic assignment was supplemented with 
questions that were designed to permit estimates of the 
typical time that individuals spent engaged in outdoor 
activities of varying intensity. For both moderate and heavy 
activity categories, the reliability analysis indicated that 
more than 90% of subjects of the type used in this study 
would be expected to provide useful information on their 
activity patterns (Table 12). The reliability ofthe test-retest 
answers tended to decrease as the amount of activity re
ported increased (Figures 5 and 6). Neither the number of 
lifetime residences nor the length of the recall period af
fected the overall reliability (Table 13). An analysis that 
evaluated reliability of activity reporting for residences that 
were occupied at 12 years of age or younger showed similar 
reliability to reporting for residences in which the subject 
was older than 12 (data not shown). These data are consis
tent with a 10-year prospective study of the activity recall 
of 451 adults by Blair and coworkers (1991). who observed 
that activity recall did not decline over a 10-year interval. 
In the Blair study, correlations for activity recall for 60 
leisure-time activities ranged from 0.35 to 0.64 for activities 
that would be classified as heavy in the present investiga
tion. In another study, 873 adult males who were reex
amined after 10 years and asked to recall their activity 10 
years previously (Lee et al. 1992). the Spearman correlation 
coefficient for derived energy expenditure (kcal/day) was 
0.38, with 45% of the variance being attributed to recall 
error. As in the present investigation, the Lee study re
corded greater unreliability with increasing levels of activ
ity. 

Comparison of the reliability of the reporting of physical 
activity in the present investigation with the results of other 
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studies is limited due to differences in the methods of data 

collection, the test-retest protocols, and the relative lack of 

data ofthe type presented in Table 13 and in Figure 6. Thus, 

the comparisons that follow are based on reported correla

tion coefficients, which can provide misleading estimates 

of the level of agreement in within-individual comparison 

studies (Bland and Altman 1995). Most studies of the repro

ducibility ofreports of physical activity focus on the corre

lations either for short intervals of activity assessed after 

relatively short time lags (e.g., recall of a single week's 

activity as assessed several days or weeks after the week 

under study) or, less frequently, for activity assessed after 

long periods of time as in the studies cited above (Blair et 

al. 1991; Lee et al. 1992). In contrast, the concern of the 

present study was the short-term reliability of recall of 

typical activity patterns over the lifetimes of the subjects. 

Nonetheless, qualitative comparisons between the findings 

of the present study and those of other published studies 

are useful. 

Jacobs and coworkers (1993) evaluated the reliability of 

10 commonly used physical activity questionnaires. A test

retest correlation of 0.60 was observed for total activity as 

assessed by a four-week activity history over a test-retest 

interval of one month. An assessment of the Minnesota 

Leisure Time Questionnaire over a one-year recall period 

gave test-retest correlations of 0.32 and 0.71 for moderate 

and heavy activities, respectively (Jacobs et al. 1993). Al

though the data for the present study showed differences in 

the same direction, the differences between the two classes 

of activity were much smaller (Tables 12 and 13). Part of 

the discrepancy between the studies may be related to the 

fact that the present study did not assess the repeatability 

of the reporting of specific activities, as did Jacobs and 

coworkers, but rather focused on classes of activities. As 

demonstrated in a published compendium of energy expen

diture for physical activities (Ainsworth et al. 1993a), a 

specific activity may fall into different energy expenditure 

categories that depend on the intensity with which the 

activity is performed. This variability in the classification 

of activity based on energy expenditure will lead to less 

reliability in studies that assess specific activities. The 

present study reduced this source of unreliability through 

the use of somewhat broad classifications that combined 

elements of specific activities with their energy expendi

tures. 

Blair and coworkers (1991) took another approach to 

assessing the reliability of activity reporting. They classi

fied total leisure time energy expenditure in kilocalories 

into quintiles, and "agreement" was defined as classifica

tion within the same or an adjacent qui.ntile. For 10-year 

recall, agreement ranged from 59% to 72% across all activ-

ity levels. In the present study, creation of quintiles for time 

(hours/month) engaged in activity resulted in agreement in 

83% and 85% of records for moderate and heavy activity, 

respectively (data not shown). Similar approaches have 

been taken for the assessment of the reliability of dietary 

recall (Willett et al. 1985). In the case of serum cholesterol 

values, 75% of subjects demonstrated agreement, but only 

38% of results matched exactly on quintile. In the present 

study, 50% of records were in the same quintile for time 

(hours/month). Block and coworkers (1990) have provided 

a summary of test-retest correlations for a variety of meas

urements: 0.6 to 0.8 for reported nutrient intake from die

tary records, 0.59 for serum cholesterol values, 0.67 to 0.70 

for blood pressure in adults, and 0.49 to 0.65 for body mass 

index (weight/height2
). Correlations of reported body weight 

over a 10-year period have been estimated as 0.73 and 0.74 for 

males and females, respectively (Perry et al. 1995). Thus, 

the correlation estimates for repeatability of the reporting 

of typical lifetime activity in the present investigation (Ta

ble 13, Meanctm) compare favorably with those observed in 

other settings for a variety of questionnaire-derived and 

directly measured characteristics. 

Although reliability is a prerequisite for any measure
ment tool, estimates of reliability provide only estimates of 
the correlation of an observed measure with the true value 
(Armstrong et al. 1994) under a classic error model (Thomas 
et al. 1993); that is, reliability does not provide a direct 
estimate of validity. Obviously, the validity of the estimates 
of the time spent outdoors and the types of activity bears 
heavily on the validity of the estimates of effective lifetime 
exposure to ozone. There is no way to validate directly the 

estimates that have been provided. Even studies that use 
personal ozone monitors to assess short-term exposure are 
dependent on questionnaires (usually daily diaries) for the 
location of the subjects over various time periods (Liu et al. 
1993) and would be dependent on questionnaire data on 
activities if the intent were to infer dose to the lung. An 
indirect approach to assessing the validity of the estimates 
presented is to compare them with published estimates of 
time spent in leisure activities as determined in short-term, 
diary-based studies, which, short of direct observation 
(which is not feasible), provide the most accurate question
naire-based assessment that is feasible. Spier and cowork
ers (1992) collected daily diary data from elementary and 
high school students in Southern California. Ventilation 
rates were used to classify activity levels; their "medium" 
and "fast" categories most closely approximated the moder
ate and heavy categories in the present study (the "medium" 
category in the Spier study) probably included some lower
intensity activities than the moderate category in this 
study). High school students reported 45.4 hours/month of 
activity on "warm" and "fair" days in September and October. 
When analyses in the present study were restricted to 
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residences occupied at age 12 years or older, an arithmetic 
mean of 46.6 hours/month (geometric mean 33.5 hours/ 
month, as distribution was skewed to the left-data not 
shown) was observed for the sum of the two activity classes. 
A similar daily diary study by Schwab and coworkers 
(1991) reported 51 hours/month of "medium" or "active" 
activity for high school students. This latter study also was 
likely to have included lower levels of activity than were 
sought in the present study. On the basis of these data, it 
appears that this study has provided unbiased estimates of 
the typical time, over a lifetime, that the subjects spent 
outdoors in activities of varying intensity. 

One limitation of the method that was used relates to the 
fact that various periods of life were all referenced to specific 
residences. Therefore, the effect of age on the reliability of 
the activity reporting could not be assessed directly. When 
the data were stratified by mean age at a residence, there 
was a low prevalence of doers and a high prevalence of 
"Don't remember how much" for those residences that were 
no longer occupied by age 6 (Table 10). The degree to which 
the between-residence variance component for 
hours/month of activity (Table 13) is confounded by age 
effects cannot be determined with certainty. Other data 
(Jenkins et al. 1 992) support the conclusion that a substan
tial amount of the between-residence variance results from 
the confounding effect of age on time outdoors and activity 
patterns. Given the importance of age as a determinant of 
activity patterns and time spent outdoors (Wiley et al. 
1991b), it may have been desirable to include an activity 
assessment that was specifically referenced to given age 
periods of life and to link this with the residential histories. 
However, such an approach would have created its own 
difficulties with regard to the precise relation between age 
intervals and residences. Given the importance of residence 
as a reference for the use of the ambient monitoring data, 
the approach taken seems to be the most appropriate one. 
A useful supplement to the questions that actually were 
used would have been to ask the subjects how old they were 
at the time they lived at the residence as a memory aid for 
the questions about activity patterns. That the question 
structure actually used created difficulties for subjects is 
indicated by the fact that 20% of residence-specific ques
tionnaires reported years of activity that exceeded the du
ration over which the student lived at the residence. 

The data in Figures 5 and 6 indicate that the errors of the 
estimates of time spent in activity are correlated with the 
levels of the estimates. As such, the correlation coefficients 
in Table 13 provide estimates of the upper bound (lower 
bound unspecified) of the square ofthe correlation (validity 
coefficient) between the true activity levels of the subjects 
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and those estimated by the questionnaires (Armstrong et al. 
1994). As derived from the values in column rp of Table 13, 
the upper-bound estimates for the validity coefficients are 0.85 
and 0.80 for moderate and heavy activity, respectively. 

Given that the estimates of ELT exposures for ozone 
(Table 14) are heavily influenced by the zip code-specific 
estimates of the ambient ozone, which, in turn, have been 
treated as if they are measured without error, the most 
realistic assessment of the effects of the measurement error 
of these estimates can be provided by treating the activity 
data as the effective exposure variable. To account for the 
correlation between the error and the level of activity, the 
formulation presented by Wacholder (1995) is followed. As 
summarized by Wacholder, the bias factor associated with 
an imperfectly measured variable is a function of (1) the 
correlation, p, of the level of the true value of the variable, 
X (outdoor exposure to ambient ozone; here measured as 
hours/month spent in activity as a surrogate, Z), and the 
error, E, in the measurement of X; (2) the ratio of the error 
variance, Var(E), to the variance of X, Var(X). As a conse
quence of these two factors and the error model that is 
considered, the regression coefficients for the effect of X on 
an outcome (e.g, in this study, various measures of lung 
function) can be biased in either direction or not biased at 
all. Under a Berkson error model (Thomas et al. 1993) 
(which could be considered as plausible for the time out
doors models, which used the CARE-derived population
based median and quartile values), there would be no bias 
in the regression coefficient. However, the entire approach 
taken in the formulation of the EL T exposure and the 
preliminary evaluation of the relation between EL T expo
sure and pulmonary function is more in keeping with a 
classic error model (Thomas et al. 1993). The usual expec
tation of bias toward the null under the classic error model 
holds only when p = 0, which is not the case for these data. 
If it is assumed that the variance estimates for time spent in 
activities, Var(Z), estimates Var(X), then Var(E) (Table 13, 
last column) is smaller than Var(Z) (Table 13, sum of be
tween-subject and between-residence variance). with all 
but one value of the ratio Var(E)/Var(X) being less than 0.6. 
Thus, based on a ratio of less than 0.6 and p greater than 0, 
regression coefficients for EL T exposure would be biased 
toward the null, with estimated attenuation for these data 
in the range of 0.5 to 0.6 (Wacholder 1995). If, on the other 
hand, time spent in activities had been treated as a potential 
confounder and had not been incorporated in the estimate 
for EL T exposure to ozone, then its effect on outcomes such 
as lung function would have been less predictable 
(Wacholder 1995). given observed correlation between the 
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error and the level of activity. Thus, it would appear to be 

preferable for epidemiologic studies of the long-term health 

effects of exposure to ambient ozone to derive composite 

exposure measures as was done in this study. 

All of the approaches used provided highly reproducible 

estimates of lifetime exposure to ozone (intraclass correla

tions all greater than 0.9, Table 14). Not surprisingly, the 
approach that used all ofthe activity history had the lowest 

reliability, especially when the 10 am to 6 pm average was 

used as the metric. As noted previously, this high overall 

level of reliability is driven largely by the residence-based 

method that was chosen. Thus, the greatest difference in the 

methods relates to the magnitude of the estimates of "typi

cal" exposure over a lifetime for each metric, which is a 

function of the procedure used to estimate time spent 
outdoors. Although the issue of magnitude is clearly impor

tant for setting environmental standards, absolute magni

tude may not be as important as relative magnitude in the 

application of the estimates of each approach to etiologic 
inference-that is, each of these approaches would be ex

pected to yield similar effect relations (adjusted for scale) 

with the lung function outcomes that were the consequence 

of long-term exposure. 

Another potential limitation of the approach taken re

lates to the interval of five to seven days between the test 

and retest. The choice of interval was motivated largely by 

the need for a relatively short time between pulmonary 
function tests. The relative shortness of the interval does 

raise the question of whether the estimates of reliability 

have been biased upward as a result of students "remember

ing" their answers from the first test. Although this possibility 

cannot be fully excluded, several observations suggest that 

any such effect was small: 20% to 30% of subjects with 

three or more residences could not reliably report the 
month and year of all oftheir residences (Table 6); approxi

mately 20% of subjects could not provide reliable data on 

the number of times and sessions per time that they per

formed moderately intense physical activity (Table 9); and 
the between-test variance accounted for 35% of the total 

variance for heavy activities (Table 13). 

PRELIMINARY ANALYSIS OF THE RELATION 
BETWEEN ESTIMATED LIFETIME EXPOSURE 
TO AMBIENT OZONE AND MEASURES OF 
PULMONARY FUNCTION 

This is the first study to attempt to relate a direct estimate 
of cumulative lifetime exposure to ozone to measures of 

pulmonary function. Despite the small sample size of this 

feasibility study, consistently negative point estimates for 

the effect of EL T exposure to ozone were observed for 

FEFz5%-75% and FEF75%, with all of the effect estimates for 

hours above 60 ppb being statistically significant for FEF75%· 
That each of the approaches gave a consistent "ranking" of 

small airway function in relation to exposure is indicated 

by the consistency of the point estimates of the regression 

coefficients for the standardized estimates ofELT exposure. 
In contrast to the findings for the flow measures, the relation 

between EL T exposures and FVC were inconsistent and 

never statistically significant. The results for FEV1 were 

somewhat more consistent than those for FVC but consid

erably less so than for the flow measures. This is not 

surprising, given that, in these healthy adolescents, FEV 1 

can be expected to encroach well into the effort-inde

pendent portion of MEFV curves (Bates 1989) and to in

clude the entire portion of the curve that defines 

FEV 25%-75% and, for most subjects, the part of the curve that 
defines FEF75%: mean(± SD) FEV dFVC ratio= 87% (± 6%). 
The slope of phase III from the SBNW curve was unrelated 

to ELT exposure to ozone, and many of the regression 

coefficients had negative signs (decreased slope with in

creased exposure) instead of the expected positive signs 

(increased slope with increased exposure). Slope of phase 

III has been shown to have a within-subject variance that is 

approximately 24% of total variance compared with 5% 

and 9% for FEFz5%-75% and FEF75%, respectively (see Part 
I of this Research Report). This increased variance makes 

L'.Nz a much less efficient measure for epidemiologic studies 

and, to some extent, accounts for the lack of statistically 

significant effects of ozone exposure and the marked insta
bility of the exposure estimates for this measure. 

The overall results presented above are completely con

sistent with the functional consequences that would be 

predicted for associations between long-term exposure and 

lung function response based on the presumed dosimetry 

of ozone in the human lung (U.S. Environmental Protection 

Agency 1986, 1995). Studies in animals experimentally 

exposed to ozone at various concentrations and for varying 

periods of time suggest that the principal site of mor

phologic damage is in the centriacinar region of the lung 

(junction of the conducting airways with the gas exchange 

regions) (U.S. Environmental Protection Agency 1986, 

1992b; Collaborative Ozone Project Group 1995). Acute and 

chronic inflammation as well as remodeling have been 

observed in the centriacinar regions (U.S. Environmental 

Protection Agency 1992b, 1995). 

Of particular interest in terms of possible chronic effects 
of exposure is the concomitant occurrence of inflammation 

(respiratory bronchiolitis) and remodeling in the centriaci

nar region (changes in cell populations and interstitial 

collagen) (U.S. Environmental Protection Agency 1995). 

Recent theoretical models of ozone dosimetry in humans 

suggest that maximum doses to the lung of inhaled ozone 
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occur at the level ofthe terminal bronchioles (U.S. Environ
mental Protection Agency 1995). A considerable body of 
physiologic data has established that flow rates measured 
during the terminal portion of a maximum forced expiratory 
maneuver (FEF75% and to a substantial degree FEFz5%-75%l 
are largely governed by the properties (geometry, compli
ance, and tethering effect of surrounding lung parenchyma) 
of airways smaller than 2 mm in diameter (Hyatt 1983), 
which approximate the centriacinar region of the lung. A 
similar interpretation is given to .1.Nz (Bates 1992), but some 
controversy remains as to the physiologic interpretation of 
this test (Paiva and Engel 1987). The relevance of flows at 
low lung volumes as appropriate measures of ozone effect 
is further strengthened by the exposure chamber studies of 
Weinmann and coworkers (1995a,b). These investigators 
demonstrated ozone-induced reductions in volume-corrected 
FEFz5%-75% that were of greater magnitude and persistence 
than those observed for FVC and FEV1. Moreover, these 
investigators observed that the slope of the MBNW test was 
too variable to provide the same consistency of effects as 
didFEFz5%-75% (Weinmann et al. 1995b). This is in keeping 
with the substantially greater variability (relative to flows 
from the MEFV curve) observed for .1.Nz as part ofthis study 
(see Part I). The data that suggest that FVC responses ob
served in chamber exposure studies are the result of neu
rally mediated reductions in vital capacity (Hazucha and 
Bates 1989) would suggest that this measure of lung func
tion should not be related to long-term exposure to ambient 
concentrations of ozone. 

The data presented indicate two features of the ELT 
exposure-lung function association of potential impor
tance. First, the estimated magnitude of effect of a differ
ence of 1 SD in EL T exposure is above that estimated for the 
effects of exposure to environmental tobacco smoke (U.S. 
Environmental Protection Agency 1992a). Second, esti
mated exposures over the early years of life (Table 16) 
appear to lead to reductions in flows that may be greater 
than exposures cumulated over later years. This latter ob
servation would suggest that underlying response function 
is not truly linear and that younger individuals may be more 
susceptible to exposures to increasing levels of ambient 
ozone. The preliminary nature of the present investigation 
and the wide confidence intervals around the point esti
mates make these inferences highly tentative but clearly 
suggest the need for further study. 

Several issues are relevant to the interpretation of the 
pulmonary function results. The univariate analyses did 
not show any relation between flow measures and exposure 
(Table 17, No covariates). This resulted from the strong 
confounding effect of area of residence, sex, and ethnicity. 
Although LAB and SFBA did not differ significantly in the 
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percentage of females in their respective samples (Table 4), 
66% of all females (39/53) were from SFBA with its mark
edly lower ambient ozone concentrations (Figure 1). Simi
larly, students of Asian ethnicity (with generally lower 
levels of lung function) also were numerically overrepre
sented in the SFBA sample (Table 4). The fact that region 
had a strong effect on the regression coefficient for ozone 
effect (Table 17) suggests that residual confounding related 
to sex, ethnicity and other unmeasured covariates (e.g., 
differences in past exposure to environmental, especially 
maternal, tobacco smoke) is being captured by this variable. 
Differences in ELT exposure to PM10 and NOz, when con
sidered singly, did not appear to be responsible for the 
effects observed, although the random error in these expo
sure estimates may have been greater than for ozone due to 
a less-dense monitoring network, especially for PM1o. A 
model that contained PM1o, NOz, temperature, and humid
ity did show a reduction in the regression coefficient. The 
extent to which the change in the ozone effect coefficient 
was related to the doubling of the number of parameters in 
the model or to some meaningful effect of temperature and 
humidity cannot be determined with any certainty. More 
than likely the considerable co linearity oftemperature with 
ozone accounts for some of this reduction. 

Despite the nearly non overlapping distributions of ozone 
exposure metrics and their lifetime estimates between LAB 
and SFBA (Figures 1 and 9 through 12), the response function 
appeared to be reasonably linear. Simple regression diag
nostics (Appendix D) suggested that a linear model pro
vided a reasonable summary of the relation. Similarly, a 
plot ofFEF75% residuals from a regression ofFEF75% on age, 
height, sex and region (exposure metric omitted) versus the 
effective lifetime ppb-hours based on the main model (Fig
ure 15) suggested that a linear summary was appropriate 
across the entire range of exposure. Given the limited sam
ple size and the preliminary nature of these findings, it 
would not be appropriate to make strong inference on the 
shape of any effective exposure-response association, a 
point alluded to previously in relation to differences in 
point estimates over different epochs of life (Table 16). It 
does appear appropriate to conclude that the relations 
observed in these data are not the result ofthe choice ofthe 
regression model, which leaves open the question about the 
overall approach that was used to assign the lifetime expo
sures. However, the method used follows the basic princi
ples of microenvironment-based exposure assignment, 
which is in keeping with contemporary concepts of expo
sure modeling (Lurmann et al. 1989). 

The failure to find any relation between the various EL T 
exposure metrics for ozone and .1.Nz is contrary to expecta
tions from the reported findings for the studies of Detels and 
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coworkers (1987). The small sample size of the present 
study and the much greater within-subject variability of this 
test relative to that for the flow measures (see Part I) could 
explain the failure to observe any effect. However, given the 
greater time and cost of equipment required to obtain meas
ures of ~2. the substantial variability of the test, and the 
remaining uncertainty about the physiologic interpretation, 
there seems little reason or need to consider this measure 
for use in epidemiologic studies of effects of long-term 
exposure to ambient ozone (and other pollutants). 

CONCLUSIONS 

The results of this study clearly indicate that 

epidemiologic studies of the health effects of long-term 

exposure to increased ambient levels of ozone are feasible 

in populations of adolescents and young adults. The analy
ses indicate that such studies can be conducted in locations 

where relatively dense monitoring networks for ozone exist 

and for which there is a reasonable historical record of 

ambient data for ozone and other pollutants whose effects 

could confound any observed relations. For the purposes of 

etiologic inference, it appears that the minimum epidemiologic 

data needed are accurate lifetime residential histories. For 

purposes more closely related to the public health issues of 

setting standards for air quality, data on typical outdoor 

activity patterns may be useful. The latter type of data can 
be obtained with a level ofreliability that is comparable to 

many exposure measures that are in use in epidemiologic 

studies of a wide variety of health outcomes for which 

public health recommendations on exposure (e.g., diet, 

physical exercise) have been developed. Moreover, the data 

presented indicate that the estimates of typical activity 

patterns over the lifetime of adolescents are reasonably 

accurate and may be used to provide valid quantitative 

estimates of long-term exposure. 
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APPENDIX A. QUESTIONNAIRES 

The Eligibility Questionnaire, Main Questionnaire, De
tailed Activity List, and PFT Eligibility Form are included. 
A separate Main Questionnaire was completed for each 
residence. A PFT Eligibility Form was completed before 
each pulmonary function test session. 
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RESPIRATORY HEALTH EFFECTS OF 
CHRONIC AMBIENT OZONE EXPOSURES 

ELIGIBILITY QUESTIONNAIRE 

INSTRUCTIONS' 
Please use a pencil to complete the questionnaire. Answer each question by either completely filling m the 
circle near your answer or wnting in the information requested. If you make a mistake, erase as completely 
asyoucan lfyouhaveanyquestions,pleaseaskfordarificationwhenthequestionnaireisrevlewedwith 
you. 

NAME: 

LOCAL AOORESS: 

PERSONAL DATA 
PlEASE PRINT ClEARlY 

2a. ON CAMPUS: -------~M•7•"'c'"cc'",~' -----·------

2b. OFF CAMPUS:--·---- ----c.,,c-, ---___,.,,cc,cc::;,,,;------

3. PHONE !\lUMBER: 1 __ 1 ________ _ 

'· GENDER: FEMALE MALE 

DATEOFBIRTH: _______ _ 

ETHNIC/RACIAL BACKGROUND: 

CAUCASIAN 
ASIAN or PACIFIC ISLANDER 
HISPANIC 
AFRICAN-AMERICAN 
NATIVE AMERICAN 
OTHER ISpec1fyl 

01\T£ --~~-~--TIME. (24HR.) 
m 
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RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
ELIGIBILITY QUESTIONNAIRE 

BRIEf MEDICAL HISTORY 

Hasadoctorevertoldyouthatyouhaveorhavehadasthma? 

'" 
lnthepast12months.haveyouharlattacksofwheelingthat 
madeyoufeelshortofbreath? 

,, 
Doyoueverhaveepisodesofwheezmgatatimewhenyoudo 
notbaveacold? 

No 

BRIEF SMOKING NISTORY 

C DETAILED RESIDENTIAL HISTORY 
13 AreyoualifelongresidentofCalifornia? ll.e.,neverlived 

outsidcn1Califnrniaformorethan3Gonseculivemontlls). 

lfVOUANSWERfDNO,YOUCANSTOP THANKYOUFOR 
VOURHHP 

14 Retween!hetimethatyougraduatedlromhighschoelandthe 
time that you GametoU.C. Berkeley, did you live away from 
homeformorethan3months? 

'" 
!IFYES, 

Forhowlongdidyouliveaway? 
10. Haveyoueversmoked ..• 

11. 

Clgarelles? 

o No o Yes,mpast o Yes.currenlly 

Marijuana? 

oNo oYes,~npast oYes.currently 

IF'"NO"'TOBDTH,SKIPTOOU£STION13 

Haveyoueversmokedasmuchas1 clgarelleperdaylorayear 
orasmanyas20packsinyourlifBiime? 

'" 
IFYOUANSWfREO"YES"VOUCANSTOP. THANK YOU fOR 
YOURHHP. 

Havayoueversmokedasmanyas3jointsperweekforatleast 
6months? 

,, 
IFVOUANSWEREO"VES"VOLICANSTDP. THANK YOU FOR 
VOLIRHHP 

15 

MONTHS 

How many of these months were between M~y and 
October? 

NUMBER OF MONTHS 

Wherewasthrsplace? 

C1ty1Town -----

State(Country,1ffore1gnl 

Ooyouhaveadriver'slicense? 

•IF YES, 

,, 

lnwhatyeardrdyouflrstgetyourdriver's!icense? 
19 

RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
ELIGIBILITY QUESTIONNAIRE 

fligrbt!ily o No o Yes o Yes.R 
lnfofTTII!dcon~ent srgnad o Y 
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RESPIRATORY HEALTH EFFECTS OF 
CHRONIC AMBIENT OZONE EXPOSURES 

MAIN QUESTIONNAIRE (V2A) 

I, I' 
I~ , 
. I 

I 

2 

1 
" 

This questionnaire is organized around the various residences that you identified on 

the "Eligibility Questionnaire" which you have already completed. Each residence 

that you have identified has been transcribed onto one of these forms. You should 
complete one form for each residence. 

In your case, you need to complete of these forms. 

RECORD THE TIME THAT YOU START:___ AND STOP: __ _ 

1.0.~--~------~ 

RESlDEN.CE#_ DF RESIDENCESflEPORTED 

STREET ADDRESS: 

C!TY/TOWN _______ ZIP !:ODE 

OATI:S OF RESHltNCf: 

RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
MAIN QUESTIONNAIRE 

NEIGHBORHOOD 

Rl-1. Which of the lollowin~ hest describes tha type of stlucture 
in which you live (lived! at this rcsidem:e? 

Stogie family -unattached to another house 

HOME CHARACTERISTICS 

Does{did) thishomeatthisresidence have airconditiomng? 

o Yes o No o Don't remember 

Smylelarnly- attached to another house ~ !LYJ~: 

Buildinyfor2-4 families What types of air conditioning does {did) it have? 

Bu1ldmgfor 5-10 famil;es !MARK Alt THAT APPlY! 

Butldmgformore than 10 fomthes 
Mobtle homo or trailer Central --- -Other ISpecifyl Swamp or evaporattve cooler 

Don't reiiii!mber Don't remember 

111·2 Whichoftha folklwing bestcharacterizesthene[ghborhood 
inwhichthisresidenceis{was)located7 

111-3 Which of the following best describes tho neighborhood in 
whlcbtblsres!denee!s(wos)!oeeted? 

Suburban roadlstreet used mainly by residents 
Suburbanroadlstreetusedbythroughtraffic 
City street used mainly by residents 
City stre~! used as a through street 

R1·3a The trafftcon th1s street is lwasl best descr1bedas: 

Heavy 
Moderate 
light 
Don't remember 

111-4 At the intersection dosest to this residence is {was) thara 

During the months of May thmugh October, how 
oftenis{was)theairconditioning on at least part 
of the day? 

Never 
Lessthan14days 

Don't remember 

R1·5 During the months of May through October, does (did)yom 
family usually usa a fan placed ina window or an attic ian 
to eoo! this home? 

'" No 
Don't remember 

111-7 When you lived in this home, are (were) the windows kept 
mostly shut during ... 

Jan-Feb oYes o Don't Remember 
Mar·Apr oYes o Don't Remember 
May .June o No o Yes o Don"! Remember 
July-Aug o Yus o Don't Remember 
SepHlcl o Yes o Oon't Remember 
Nov Dec o No o Yes o Oon't R~member 

111·8 Does {did) this home have any air cleaning devices? 
{Examples: air purifier, charcoal filter). 

'" No 
Don't mrm'mber 

RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
MAIN QUESTIONNAIRE 

111·9 ls{Wlls)thereagascoukingstove,rangeorcveninthis 
home? 

o Yes o No o Don't remember 

'!f~: 
During November through April is lwas) this 
stove/range or oven used to help heat the home? 

'"' No 
Don't remember 

Does {did] this home use any of the following for heating 
during November through April? [MARK All THAT APPLY) 

Regularfueplace 
Wood stove 
Kerosene heater 
Gas from gas company 
Bottled,tankorlPgas 
Oon't remember 
Other 

111-11 Duringthatlmathatyou livedinthishomo,didyoutakaany 
trips or vacations duringthemonthso!Maythrough October 
that kept you mora than 50 miles away from your home for 
between 1 and 2 months? 

o Yes o No o lion'! remember 

the numtwr of years that you took such 
trips or vacations. 

IO Don't remember] 

fll-12 Duringthatimathatyou ltved inthishome,didyoutilkeany 
trips or vacations durinH the month~ of May through D~tob~r 
that kept you more than 50 miles away Jrom your homo far 
more than 2 months? 

o Yes o No o Don't remember 

ihe number of years that you took such 
tripsorvaGations 

[O Don't remember) 

llecorclthclongesttlmcthatyouwcrcawayatany 

MONHIS 1-· Don'l rcmcmbul 

c== SCHOOLS ATTENDED 

This section seeks information about all of the schools 
that you may have attended while you were living at this 
residence. 

PK-0 Were you ever placed in day care, nursery sGhoo! or pre
kindergarten while you lived at this residence? 

o Yes o No o Don't teiiii!mber 

..,. If ~NO" OR ''tlON'T IIWiEMI!~Il" GO TO 

~ !UI~ :!!E.MOOA!!.U.~_I!QOl''~S£CTIDN-' 
Howmanyditlerentprogramswereyouin? 

Day Care/Nursery Schooi!Pre-ianderqarten 1 

PK-1 Was this school located within 3 miles of your home? 

o Yes o No o Oon't remomb~r 

Stre9tAddress 

City[Town 

PK-2 Duringwhatyearsdidyouattend this school? 

_19_to_19_ (o Don't remember) 
Month 

PK-3 For how many hours a day did you attend thissGhool1 

Moro than Bhrs. 
Don't remember 
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MAIN QUESTIONNAIRE 

Day Care!Nurserv School/Pre-Kindergarten 2 

PK·1 Was this school located within3 miles of your home? 

o Yes o No o Don't remember 

StreetAdrlress 

City/Town 

PK·2 Duringwhatyearsdidyouattendthisschool? 

19 to 19 Jo Don'tflwember) 
Month -Month -

p!(.J for how many hours a day didyouattendthisschool? 

lessthan4hrs 
4Bhrs. 
More than 8 hrs 
Don't remember 

Day Care/Nurserv School/Pre-Kindergarten 3 

PK-1 Was this school located within 3 miles of your !lome? 

o Yes o No o Don't remember 

Street Address 

Cityffown 

PK·2 !luring what years did you attendthlsschool7 

19 to 19 (o !Jon'! remember! 
Month -Month -

PK·J for how many hours a day did youattendthisschoo!7 

lessthan4hrs. 
4·8hrs. 
More than 8hrs. 
Don't remember 

ELEMENTARY SCHOOL J 
ES-0 Howmanydi!lerente!ementaryscbools(GradesK-H)didyou 

attendwhileyouwerelivingatthisresidanca7 

NUMBER Of SCHOOlS 

For each school.. please provide the fol!uwing information: 

Elementary School 1 

ES-1 What was the name of the school1 (Record Don't remember 
if appropriate) 

N•~--------

ES-2 Was this school located within3 miles of your home? 

o No o Don't remember o Yes 

Street Address 

ES·3 Ouringwhatyearsdidycu attend this school? 

19 to 19 (o Don't remember] 
Month - M;til -

ES·5 What was the most frequent way that you went to school? 
ll:HODSEONlYll 

ES·6 

Walklbicycle 
Driven in car 
School bus 
Publictransporation 
Oon'trerrember 
Other 

HowmanyhoursperdaywereyouusuallyinsidethascllOol 
building? 

]o Don't remember] 

RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
MAIN QUESTIONNAIRE 

E/ementarv School 2: 

ES-1 What was the name of the school? !Record Don't remmnher. 
if appropriate] 

'"'"--------
ES-2 Was this school located within3 miles of your home? 

o No o Don't r~member o Yes 

StreetA.ddress 

~lly/Town 

ES3 Dur"tngwhatyears did you attendthisschoo!? 

19 to 19 [O Oon'tremember] 
Month -Month -

ES·5 What was the most frequent way that you went to school? 
[l:KDDSEONlY1] 

Wal~lbicyde 
Driven in car 
School bus 
Public transportatiOn 
Don't remember 
Clther 

ES6 Kow many hours per day werayou usuollylnsido the school 
building? 

IO Don't remember] 

ElementarY School 3 

ES·1 What was tho nome of the school? [Hocord Don't remember 
if appropriate) 

Narne _______ _ 

ES·2 Was this school located within 3 miles of your home? 

o No o Don't remembm o Yes 
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Streetl\ddress 

City/Town 

ES-3 Ouringwhatyearsdid youattendthisschool? 

HI to HI [o Don't remember] 
Month -Month -

Whatwasthemostfreguentvvaythatyouwenttoschoo17 
[CHOOSEONLY1] 

Walklbicycla 
Driven in car 
School bus 
Public transportation 
Don't mmembsr 
Othor 

ES·6 Howmanyhuurspardaywerayouusual!yinsidathaschool 
liui!ding? 

(o Don't remember] 

Elementary School 4 

ES·l What was the nama of tho school? (Hecord Don't remember 
if appropriate) 

ES2 Was this school located withln3 miles of your home? 

o No o Don't remember o Yas 

Streetl\ddress 

CityfTown 

ES-3 Ouringwhatyearsdidyouattcnd thisschoo!7 

19 19 jo Oon't remember] 
Month Month 

Part II: Estimation of Lifetime Ozone Exposure (Califomia Sites) 

RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
MAIN QUESTIONNAIRE 

ES·S What was the most frequent way that you went to school1 
[CH!JDSECNlY11 

Walk/bicycle 
Drrvenincar 
School bus 
Public transportation 
Don't remember 
Other 

ES·6 How many hours per day were you usuallyinsidethaschool 
building? 

(o Don't remember) 

HIGH sCHOOL 

How many different high schools !Grades 9-12) did you 
attendwhileyouwereliving at this residence? 

NUMBER Of SCHOOlS 

Fur each sehoul please provide the following information: 

High School 1 

HS-1 What wa' the nama of the school? 

N•~--------

HS-2 Wasthisschoollocated within3milesotyour house? 

o No o Don't remember o Yes 

StreetAdrlrass 

C1tyfTown 

HS-3 Duringvvhatyaarsd!dyouattendthisschool7 

19 19 [O Don't rememb~rl 
Month 

HS-5 Over the years that you attended this school, what was the 
most freguent way that you went to school? 

Wolk 
Bicycle/scooterjmotorcycle 
Driwn in or drove ~ar 
School bus 
Pubf1clransportatwn 
!lon't remember 
Other 

llS-6 What was the usual amount of time that it took to get to 
school? 

MINUTES{o Don't rememberi 

HS-7 How many hours a day were you usua!ly inside the school 
building? 

HS·10 

flOURS (o Don't remember] 

Oidthisschoolhaveairconditloning7 

o Yes o No o Don't remember 

On warm days, were the windows in the classrooms kept 
open? 

o Yes o No o Don't remember 

During air pollution advisories or smog alerts, were the 
windows kept dosed atschool7 

o Yes o No o Never had such adviSOrleslalarts 
o Don't remember 

High School 2 

HS-1 What was the name of the school? 

HS-2 Wasthisschoolwithin3milcsofyour house? 

o No o Don't remember o Yes 

Street Address 

RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
MAIN QUESTIONNAIRE 

HS.J Duringwhatyearsdidyou attendthis$Chool? 

19 to 1!1 {o Don't remember) 
Month ~Month -

llS-5 Overthoyearsthatyouattendadthisschool,whatwasthe 
most frequent way that you went to school? 

Walk 
Bicydelscooter/motorcycla 
Oriveninordrovacar 
School bus 
Public transportation 
Don't rermmber 
Other 

HS.6 What was the usual omount of time that it took to get to 
school? 

MINUTES [O Doni remember) 

HS.7 How many hours a day were you usually inside the school 
building? 

(o Don't remember] 

HS.!I Didtl1isschoo1haveaircondiUoning1 

o Yes o No o Don't remember 

Hs-9 On warm days, were the windows in the classrooms kept 
open? 

o Yes o No o Don't remember 

HS-10 Doring air pollution advisories or smog alerts, were the 
windows kept closed at school? 

o Yes o No o Never had suchadvisones/aler1s 
o Don't remember 

High School 3 

HS.1 What was the name of the s~hool? 

'·~--------

Was this school within 3 milesot your house7 

o No o 0011'tremember o Yes 

Street Address 

CityfTown 

HS-3 Duringwhatyearsdidyouattendthisschoe!? 

19 to 19 (o Oon'tre~~~Emberl 
--Month-

Dverthoyearsthatyouattended thisschool,whatwasthe 
most frequent way that you went to school? 

Public transportatiOn 
Don't remember 
Other 

HS-6 What was the usual amount of time thot it took to get to 
school? 

MINUTES jo Don't remember) 

HS-7 Haw many hours a day were you usually inside the school 
building? 

[o Don't remfmber) 

HS·!I Didthissthoolhavoairconditioning? 

o Yes o No o Don't remomber 

On warm days, were the windows in the classrooms kept 
open? 

o Yes o No o Don't remember 

llS-10 Duringairpollution or smog alerts. were the 
windows kept closed at 

o Yes oNevcrhadsuchadvlsones/alerts 
o Don"t remember 
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RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
MAIN QUESTIONNAIRE 

GENERAL ACTIVITY PATTERNS 

This section seeks info,mation about the amount of time 
that you typically spend outdoors during the time that you 
lived at this residence. Please remember to answer each 
question in relation to the time you lived at this residence 
ggk. 

00·1 Compared to others your age, hew much time did you 
typically spend outdoors from May through October7 

,,, 
lrSJ 

0·2 

35 

6·11 

12·17 

Oul<loom 

H•ro Outdoor. Aboutth• 
At This MoreTh•n Sam•A< 

'" Most 

When you were outdoors duringthemonthsofMaythrough 

October,wherewereyoumostllkelytobe71Answerforeach 
age period!. 

HoroAt 
Ago This 

IYrSI Ag• 

02 

5·11 

12·17 

OD 3 During surMJertime atr quality ad~tsor1es or $11109 alerts (public 
announcementsconcernmghigllairpollutiontevelsl,towhatextent 
did you decreasethet1methatyouspent outdoors? [Answer lor 
oachagapenod.] 

~~ 

6-11 

12-17 

Oid 

'"' 
HO!o 

" This .,. ""' " "' 

Lowor•d .. 5~~ "" '• 
Tho" Sueh 

""' Ad•l"ry 

OD-4 Wereyoulivingatthisresidenceduringthe12monthsprior 
to ~oming to the UC Berkeley Campus? 

'" No 

.j. !EJl§, 
a. During this period, I you compare the 

amountoftimeth3tyou spent outdoors during the 
summer months !May through October), compared to 
othersyaurownage? 

Morethanmost 
About the sarm as most 
lessthanmost 
Don't remember 

When you were outdoms during months of May 
through October of this last year, were you most 
likely to be ••• 

Within 3mdes o! home? 
3-5miles from home? 
5·20miles from home? 
Mora thaa20milesfromhome? 
Don'trermmber 

RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
MAIN QUESTIONNAIRE 

OUTDOOR ACTIVITIES 

This section seeks information on the /rinds of outdoor 
activities in which you engaged wbi!e you were living at 
this residence. Please remember to answer each question 
in relation to t./J.i§_ residence only. 

Refer to "Physical Activity 1nventory" page as needed for 
this section. 

HEAVY INTENSITY ACTIVITIES 

Hl-0 Whi!o you ware livingatthisresidence,did youengaga in 
anyoftheactivitieslistedunder"Heavy!ntensityltttivitiesn 
on the Physical Activity Inventory Page? 

Hl-1 

o Yes o No 

..,.Jf H!l SKIP TO ~MmlEI!ATE 

~l£J'l'l. !IU~T.OO:a: 
Which months of the year did you engage in any of these 
activities?llndicataallthatapply). 

o January o July o Don't Remember 
o February 
o March 
o Apnl 
o May o November 
o June o December 

Hl·2 When you engagod in one or more of these activities, what 

was the average number of times per month that you did 
these activities? 

Hl·3 

NUMBER (o Oont rermmber) 

In what months did you do any o! tho activities 
most frequently? (lndicateallthatapplyl. 

o January-February o JulyAugust 
o March-April o September-October 
o May.June o November-December 

What was the average amount of time that you spent each 
time you did these activities from May through October? 

IIIOURS.MINUTESI [o Don't Remember! 

NUMBER Of YEAnS [o Don't Remember! 

H!-5 II an air pollution advisory or smog alert wa3 issued, how 
much did you reduce your participation in ona of these 
activities? 

Not at all 
less than 50% 
50% or more 
Neverheardaboutsuchadvlsorieslalerts 
Don't remember 

H!-6 listedhe!oware!ocationswhereyoumoyhava engaged in 
one or more of these activities. For each location, indicate 
howfrequent!yyouengaged inactivitiasinthiscategoryet 
theporticu!arlocation. 

Within 3 miles of home 

Atschoo! 

50% or more of the time 
less than 50')'; of the t1me 
Not at all 
Don't mm1nnber 

50% or more of thatiroo 
Less than5D% of tha lima 
Notatal! 
Don't remember 

Mora than 3 mHas from homo 

50% or more of the Irma 
lcl-Sthan50%ofthatime 
Not at all 
Don't remember 

Wereyoulivinyatthisresidenceduringtha12monthsprior 
to coming to the UC Berkeley campus? 

'" '" 
-~ 
~MOII~R:Uitfl~ 

• !U!§1 A!tY'IV!!V: 
During these 12 months, did you engago in any of 
these ~Heavy Intensity Activitiesn during ... 
[INDlCATEAllTIIATAPPLY] 

notengagemanyo!theSI!activittesln 
these months _,. ~.!ill:.~TIJ __ "MODEf!ii.T~ 
!rHt~SIT'f_A~TJVI!If.S" 

RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
MAIN QUESTIONNAIRE 

!luring tha months gf May through October of the 
last year, what was the average number of times 
per month that you did these activities? 

NUMBER [O Don't Remember] 

What was the average amount of time that you 
spent each time you did these activities? 

HOURS.MINUTES 

IO Don't remember) 

lluring the months o!May throuoh October of this 
past 12 montll period, did you decrease any of 
theseactivitiesduringanairpol!utionadvismyor 
smog alert? 

Not at all 
Less than 50% 
50% or mora 
Notawareofany such advrsories 
Don't remember 

listed below are locations where you may hava 
engaged in ona or more of these activities in the 
months of May through October of this last year. 

e(11. Within 3 miles of home 

ol2). Atschoo! 

50% or mora of the time 
less than 50% o! the time 
Not at all 
Don't remember 

50% or mom o! the time 
Lassthan50'1ooftho!i!TOI 
Not at all 
Don't remember 

e(3). More than 3mi!esfrom home 

50% cr mora ofthetima 
lass than 50% of thatiroo 
Not at all 
Don't remember 

Ml·1 

MODERATE INTENSITY ACTIVITIES 

Whiloyou were living atthisresidence,didyou engage in 
any of the activities listed under "'Moderate Intensity 
ActivitiesH on the Physical Activity !~ventory Pagu? 

o Yes 
0 '" 

Which months of the year did you engage in any of these 
activities?(lndicateallthatapply). 

o January 
o February 
o March 
o Apnl 
o May 

o July 
0 

o Don't remember 

M!-2 When you engaged in one or more of these activities, what 
was the average number of times per month that you did 
these activities? 

NUMBER !O Don't rermmber) 

In what months did you do any of these activities 
most frequently? llndicate al! that apply). 

o JanuaryFebruary o JulyAugust 
o MarchApril o September-October 
o May-June o November-December 

M~3 What was the average amount of time that you spent each 
time you did the most lrequent of these activities May 
through October? 

(HOURS.MINUTES) (o Don't remembel] 

Ml·4 For how many years did you engage atleastinonaofthese 
activitleswhi!eyouwarelivlngatthisresidenta? 

NUMBER OF YEARS!O Don't rermmber] 

Ml-5 If an air pollution advisory or smog alert was issued, how 
mutb did you reduce your parti£ipation in ono of than 
actlvities1 

Not at all 
less than 50% 
50~ or more 
Neverheardatmulsuchadvisories/alerts 
Don"t rememiler 

RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
MAIN QUESTIONNAIRE 

Ml·6 Listed below are locationswhereyoumayhaveengaged in 
one or more of these activities. For each location, indicate 
how frequently you enga9ed in activities in thi~ category at 
theparticular!otation. 

Within 3 miles of home 

50% or more ot the trme 
less than 50% ofthetrme 
Not at all 
Don't rermmber 

At school 

50% or more of the ttme 
less than 50% o! the ltme 
Not at all 
Don't remember 

More than 3 miles from home 

50%01 more o! the time 
lessthan50%o!thetime 
Not atoll 
Don't remember 

Ml·7 Were you livingatthisreside~ceduringthe12monthsprior 
to coming to tha UC Berkeley campus1 

_,.If ND S"klPJfl 
~~ "0-ii!Vlf.IGSECTIDtt" 
During these 12 months, did you e~gage in any of 
these "Moderate Intensity Activities" during ... 
[INDICATE All THAT APPlY] 

May .June? 
July-August? 
September-October? 
Didnotengagamanyoftheseacttviliasin 
these months _,. §!<JL.I!!. "DfrAl~ 
5.tf_oon'UST_: 

During lite months of May through October of the 
last year, what was the average number of times 
per month that you did the most frequent of these 
activities? 

NUMBER 10 Don't remember I 

What was the average amount of time that you 
spenteachtimeyoudidthemostfrequentolthese 
activities? 

HOURS.MlNUTES 

(o Don't remember] 

During the months of May through October of this 
past 12 month period, did you decrease any of 
theseactivitiesduringanairpollutionadvisoryor 
smog alert? 

Not at all 
less than 50% 
50% or more 
Not aware ofany"such advisories 
Don't remember 

listed below are locations where you may have 
engaged in one or more of these activities in the 
months of May through October of this last year. 

em Within3milesofhome 

el21. Atschool 

50% or more of the time 
less than 50% of the time 
Not at all 
Don't renromber 

50% or more of the timt1 
Less than 50% of the limo 
Not at all 
Don't remember 

e(Jj. More than J miles from home 

50% or mora oftha ti!TOI 
Lassthan50%ufthati!TOI 
Not at all 
Don't remember 

GO TO "DETAILED ACTIVITY LIST" 
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RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
MAIN QUESTIONNAIRE 

This section seeKs information ahout time that you spent 
in motor vehicles, other than going to aud from school, 
during the time that you lived at this residence. 

Opon 

l~oloroyd o 

68 

0·2 Dunng thetlmethatyoulivedatthlsmstdence,bowol!endidyou 
dnve m the followmg locatwns during the months May through 
October? (Include t•mes as passenger and/or duver) 

WOiy Mo;~ly. 

""' '" Oooo 
O"IY Doily WOiy ·~0 

WORK HISTORY 

WH"-1 During the years that you lived at this rcsidenco, did you 
have any parHime or summer jobs? 

WH·2 

No 

THANK YOU. 

involve working outdoors In tho 
D~tober)7 

No 

__,I~ "NO" AND THIS WAS THr 
l.~~!J!!:~!IJMglt!l.I.!Q.IL 

JlSfF.DYOUARf:fii\USHEO. 
!LN!J_J:,__§.Q..!.UJJJ_lil_Xl 
fl~!!!U'Q: _!!l§TDR): _FQ_!E~~ 

THANK YOU 

Part II: Estimation of Lifetime Ozone Exposure (Califomia Sites) 

RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
MAIN QUESTIONNAIRE 

fm how many years did you have a j11b in which you worked 
outdoors atleastpartofthe time during the months of May 
through October? 

r.IUMBER OF YfARS 

[01- 1. 02- 2; o Oon'! remember] 

For each outdoor jo!J in the months of May through 
October, provide the fo!lowing information {start with most 
recent summer during which you lived at this residence}. 

Jl-1 1nwhatyeard"1dyouhavethisjob? 

19 __ [oOoo'tremernber] 

Jl-2 !listance of job from residence: 

410m~les 

More than 10m1ies 

location of job; (Put ~Don't Remember" where 
applicobl2). 

Street 

Zip Code 

State(lfnotGallforn'la] 

Jt-3 1\moumoftimeeach work day spent outdoors: 

A lull workday[8 orroorshours [Erday] 
At least haifa workday 
Less than haifa workday 

Jl-4 Number of days worked each )'Jeek: 

_DAYS(oDoo'trememberj 

J1·5 Months in which you worked. {Mark all th~t apply). 

M>y 

Augusl 

1Wool: ,, 

J!·S !lidthlsjobinvalveheavyphysicallabarorparticipatiooin 
heavy athletic activities? 

No 

Someliii"Ols 
Most of1he t1me 
Always 
Don't remember 

Jl-7 Did this job involve working on or alongside a freeway or 
other heavily llavoUed main thoroughfare? 

1
o!f_Jf$: Never or rarely 

Someti~ 

Most of the time 
Always 
Don't remember 

THANK YOU. 

J1·1 In what year did you have this job? 

_foDon'treommber] 

RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
MAIN QUESTIONNAIRE 

J1·2 Distance of job from residence: 

In my neighborhood 
1-3 m1les 
410 m1les 
More than 10miles 

location of job· !Put ~oon't remember" 
appllcab!e). 

Street 

City[fown ZrpGode 

StatellfnotCallfornia) 

J1·3 Amount of time each work day spent outdoors: 

Jl-4 Number of days worked each week 

DAYS [o Oont remember] 

Jl-5 Months in which you worked. IMarlr all that ap~ly). 

S•pt•mbor 

J16 Didthisjobinvo!veheavyphysicallabororparticipationio 
heavy athletic activities? 

rar~ly 

Som011m~s 

Most af th~ umc 
Always 
Don"l 

Jl-7 Did this job involve working on or alongside a freeway or 
other heavily travelled main thoroughfare? 

>!Lilil 
Never or rarely 
Somet1mes 
Most of the time 
Always 
Don'! remember 

No 

_,.ff THIS WAS Tlj£ lAST Jill! AT nus RESI!lENCE" AND IF TillS 
~ASJ_I\.~IDfN.QU'fiAtYOt!US!EO YIJU'AilEFI/l!ISIIED~ 
IF NOT fi().10 THE NEXT RESIDENCE, lflSTORY FURM. 

THANK YOU.~ 

J11 In what year did you bave this job~ 

19~_[oOontremember) 

J1·2 Distance of job from residence: 

4·10miles 
More than 10 mites 

location of job· (Put "Don't remember" where 
applicable). 

Street 

City[Town Z1pCoda 

State(lfnotCahfornia) 

Jl-J Amount of time each work day spent outdoors: 

J14 rJumber of days worked each week: 

DAYS [O Don't remembn<) 
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RESPIRATORY HEALTH EFFECTS OF CHRONIC AMBIENT OZONE EXPOSURES 
MAIN QUESTIONNAIRE 

J1·5 Months in which you worked. (Mark all that apply!. 

July 

Augu•l 

"' ~"~••h 

Sopl•mb" 

Jl-6 DidthisjohinvolveheavyphysiGallahororparticipationin 
heavy athletic activities? 

Most of the time 
Always 
Don't remember 

'" 

Did this job involve working on oralongsida a frseway or 
othorheavily travelled main thoroughfare1 

y., 

Most of the time 
Always 
Don't remember 

If tfris was the last residence that you listed, you are 
finisfretf. II U is not the last residence, move to the next 
residence form. Thank you. 

" = :.:;;: 
~2~ 
~~;
~g~ 

FINAL QUESTION, LAST RESIDENCY PRIOR TO COMING TO UC BERKELEY 

Think about a usual summer day (May through October) during the summer 

prior to coming to UC Berkeley campus. On average, how many hours per day 
d!d you engage in the following types of activity? In total, your answers should 
add up to 24 hours for a usual working day (= f1rst column) and 24 hours tor a 
usual day on weekends(= second column). 

Please, 1111 m these two columns 
~ .. 

Type of act!vity location hours/minutes er da on 
working day weekend ~ay 

A) HEAVY PHYSICAL ACTIVITIES 
i.e. you sweat I are exhausted, e.g. outdoors 
jogging, strenuous sports, btking uphill, 
strenuousgardeningorjobs (mason, mdoors 
carpenter, plumber, construction works (=in buildings) 
etc. 
B) MODERATE PHYSICAL ACTIVITIES 
e.g: housekeeping, moderate sport outdoors 
actiVIties, walking, hiking, light 
gardening, biking on level surlace, job indoors 
activibes not m sitting positton etc. (= m bUIIdmgs) 

C) UGHT PHYSICAL ACTIVJTIES 
e.g.:siltlng, oUicework, driving/ 
commuting, makingphonecaJls, self 

care etc. 

0) REST I SLEEP 

outdoors 

:!lJoor5 

outdoors 

indoors 
(=inbutldings) 

' ' - -

' --

' ' - -

' ' - -

TOTAL: 24hours 24hours 

YOUR NAME:. . ............. DAlE: 
first last 

PFT ELIGIBILITY 

NAME: AGE: 

DATE: TIME: 

GENDER: HEIGHT: 

Please Circle Choice 

1 . Do you currently have a runny or stuffed nose? 

2. Do you currently have a cough? 

3. Are you currently experiencing wheezing/whistling in 

your chest? 

4. In the past 72 hours, have you had a fever or felt !ike 

you might be getting a fever? 

5. In the past 72 hours, have you had muscle aches or felt 

like you might be getting a cold or the flu? 

6. Have you had a cold or flu in the last 7 days? 

IF "YES" TO QUESTION 6, ANSWER 6A: 

Sa. Did you seek medical care? 

IF "YES" TO QUESTION 6A, ANSWER 68: 

6b. Was an inhaler prescribed? 

7. Do you drink caffeinated beverages (coffee, tea, cocoa, 

soda)? 

y 

y 

y 

N 

N 

N 

N 

CM. 
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IF "YES": What time did you fast have a drink of any of the following. (Answer for all 
that apply). 

COFFEE 

TEA 

COCOA 

SODA 

APPENDIX B. Manufacturer's Documentation of 
Pulmonary Function Instrument 

Performance characteristics of the SensorMedics mass 
flow sensor are presented; and calibration procedures for 
obtaining MEFV and SBNW curves are described. This 
appendix may be obtained by writing the Health Effects Insti
tute, 955 Massachusetts Avenue, Cambridge, MA 02139 or 
sending your request via e-mail to pubs@healtheffects.org. 
Please provide the first author's name, the Investigators' 
Report title, and the title of the appendix. 

APPENDIX C. Pulmonary Function Measurement 
Protocols and Quality Control Procedures 

Instructions and quality control requirements are pre
sented for performance of the MEFV maneuver and SBNW 
test as well as instructions for the performance of height 
and weight measurements. Examples of SBNW curves and 
accompanying flow curves are provided to illustrate appli
cation of the criteria. 
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Part II: Estimation of Lifetime Ozone Exposure (Califomia Sites) 

SPIROMETRY 

INTRODUCTION· 

The principle test of lung function that will be used for SPPARCS is known as 
"spiromtery" (named after the instrument used to make the measurement--a "spirometer") or 
the "forced vital capacity maneuver". The basic prmcipal behmd the test is to have a subject 
flll his/her lungs with as much air ass/he can and then to rapidly, and forcefully, exhale the 
air until s!he feels that no more air is left in their The spirometer records the amount 
of air that is blov.n out and the amount o~ time tha! !akes. From this fonnatwn a number 
of measurements can be made about the ""'l·:r!Ian~ ... !l function of the person's lung. 

A high level of subject cooperation 1s required to obtain results from this test. foailure 
to obtain a maximum effort with each test and/or lack of attention to other details that affect 
the test will lead to results that are not accurate or reproducible. 

Measurements that will be made 
I. forced expiratory volume in the first second (FEV1): measures the 

amount of air that Ihe subject can exhale in the first second of forced 
exhalation; this measurement is a very strong predictor of all-cause 
mortality m older mdividuals 

this measuremera 1s f>ffected adversely 1f the subject starts the 
maneuver too slowly and doesn't blow as hard as s!he can right 
from the start 

2. forced vllal capacity (FVC): measures the total amount of air that a 
subject can exhale after taking a full inspiration and then forcibly 
emptying the lung until no more air is left 

this measurement is affected adversely if the subject does not 
his/her as completely as possible and by how hard 

the slower the subject blows, the larger 
be (this IS not what is dcsireable). 

3. flows at specific lung volumes 

peak expiratory flow rate (PEFR): highes airflow rate obtained 
during the test (also being measured in the subjects' homes by the 
mmi Wright peak flow meters 

b. flows at specific lung volumes, especially flows after the subject 
has exhaled the first 40% of the amount of air in their lungs 
(Vmax,--\~herc ";'is the volume at which the flow IS measured: 

these measurements are of particular importance. since they do 
not depend upon the subject's effort but rather on the intnnsic 
mechanical properties of the lung 

II. Preliminary preparatwn 

A. Before beginning each subject. use the stamps provided to stamp the chart paper (see 
Part 5 for an example). F!ll rn the identifying mformation on the top of the chan paper. 

B. Place the chart paper on t~e drum and trace a baseline on the paper by turning on 
the drum for one complete revolution. It b.elpful 1u start this in! he same place for each 
subject, namely at the pomt of the o':erlap of the chart paper 

C. Posllion the pen for the first test JUSt past the point of overlap For each succeeding 
test. start the curve about I mch further in. 

D. Have the 
the noseclip which 

insert a mouthp1cce rnto the spirometer hose, and give the subject 
be used durmg the forced expiration maneuver 

E. The tester should have a spare mouthpiece m hand to demonstrote the technique of 
performing the forced expiratory maneuver, if necessary. 

III Testing the subject 

A. Start by 
expiratory maneuver 

but full explanation to the subject of what the forced 

1. "Please sit comfortably wl\h both feet on the floor and, whenever you are 
ready, take as de eo a breath as you can place vour mouth around the mouthpiece with your 
lips tightlv sealed. and then bre<:~the out as hard as fast and as long as you can. Keep 
breathing out until I tell you to stop." 

a. at th1s point, \Yait unt!l the subject is ready, and start the drum just 
before the person begins the forced expimtion Failure to start the drum at the right moment 
may result in a curve that is not acceptable. 

b. observe the subject 
he/she has fully understood the mstructions 

during the expiration to make sure that 
the forced expiration adequately. 
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c. encourage the subject to keep pushing air out of the lungs throughout 

the entire forced expiration, for example, tell the subject to "keep going, keep pushing" 

d. stop the drum and instruct the subject to stop blowing when the tracing 

reaches a plateau for about 1 to 2 seconds - note that usua!ly this happens after about 6 

seconds, and the six second line is marked on the side of the base below the drum (when the 

start of the curve passes this line 6 seconds has elapsed). 

recordmg the number 

of the tracing on the curve at the 

beginning and at end, and by drawmg ::.. l:ne the tracing (put the tracmg 

number at the end of this line) anywhere a!ong the tracing where it should be marked. It 

should be marked at the maximal point if the tracing reaches a peak and then starts to decline, 

as these points will be hard to discern once the rest of the tracings are made. It should also 

be marked where something unusual occurs and a note made right on the chart paper. Please 

hold the chart paper tightly wh1lc marking on 1t, as it is very imponant not to move it around 

between tracings. 

B. Continue by having the subject perform a second attempt, Judgmg through 

examination of the curves whether the subject is performmg the expiratiOn correctly. 

Additional instruction may be needed and this can only be judged by observing the participant 

and the curves produced. Once the person understands what is expected, the curves 

should all provide very similar measuremt:'nts FEVl and FVC. Additional instructions 

which may be needed mclude the following: 

1. "Fill 
and breathe out as 

lungs fully, then stop a moment, bring the tube up to your mouth 

as you can 

2. "Keep the tube away from your mouth while )OU are breathing in" 

3. "Put the tube between your teeth and seal your mouth around the mouthpiece" 

4 "Blow out as if you are saying the word 'haaa"' 

5 "Try to keep going until! tell )OU to stop, and keep blowing out for the whole 

time" 

6 a demonstration by the tester of what the maneuver involves, using a 

mouthpiece held m the hand (not necessary to connect it to the tubing for the purpose of 

demonstratiOn 

C. Contmue to test the subject, until a maximum of 8 tracmgs have been attempted 

The minimum number of attempts is 5, and after that you may stop when 3 acceptable tracmgs 

have been made and there is good reproducibility (please see below for a definition of 

acceptable tracings) 
D. Check the curves for acceptability nnd reproducibility while the paper is on the 

drum. \\Then you judge that the subject is finished, take the paper off the drum, record the 

spirometer temperature and check the curves for acceptability and reproducibility again. If 

there is any question about whether 3 curves are acceptable, you may put the paper back on 

carefully (make sure the pen on the same baseline) and have the subject perform another 

forced expiration 1f necessary, ns long as the total number of maneuvers does not exceed 8. 

E. Do a quick calculntion of FEVl and FVC, choosing the maximnl values and compute 

the ration ofFEVI/FVC which will be reported to t:Jc subject as a percentage vnlue (there w11l 

be a sheet for recording this value for the subje~.:t's information) Please see Pan 5. for 

instructions for measurements 

IV Determming acceptability of the tracings 

A FVC: determining the end of the test 

\. an obvJOus platenu m the curve resulting in no change in volume for 

approximately 1 to 2 seconds (a volume decrcnse is, for the purposes of end of test selection, 

equivalent to no change m volume), with an exhalation of at least 6 seconds (longer times are 

often reqmred in persons with obstruction) 

a. note, no change m volume means volume stays within ± 40 cu em. 

2. or, a forced exhalation 0f reasonable duration (maximum 15 seconds) 

3. or, when the subject cannot. for legitimate reasons, contmue further exhalation 

I3 FVC: determining a satisfactory start of test 

I. to achieve accumte 'time zero' (ie., the starting point of curve for 

measurement purposes) and to ensure that the FEVJ comes from a maximnl effort curve, the 

extrapolated volume should be less thnn 5% of the FVC or 100 cu em, whichever is greater 

(sec Part 5. example of n late start with a tangent line drawn to determine time zero and 

extrapolated volume) 

a. note that genera:ly th1s means that 1f the curve starts with a strnight 

vertical lme. this line must be less than app~ox. 1!4 inch 

C. f- VC: determimng whether the curve 1s acceptable, given that the start and end of 

the test are acceptable 

1. the tester should observe that the subject understood the instructions and 

performed the maneuver wtth a maximum inspiration. \\ith a good start, with a smooth 

continuous exhalation, w1th maximal effort, and without any of the following problems (see 

attached curves in Part 5): 

a. coughing during the first second of the maneuver, or any other cough 

that, in the tester's judgement, mterferes with measurement of accurate results 

b. valsalva maneuver (glottis closure) 

c. early termination of expiration (in most subjects th1s would be 

exhalation of less than 6 second~) 

d. a leak 

c. an obstructed mouthpiece. eg., obstruction due to the tongue being 

placed in front of the mouthpiece 

V. Determinmg reproducibility of the tracings 

These criteria are used in deciding whether the subject should perform more than the mmiruum 

of 5 forced expirations (maximum is 8) Please note the acceptability criteria should be applied 

before the reproducibility critena are even considered first make sure you have accept.able 

tracings, and then determmc if the subject needs to more than 5 maneuvers by examining 

the reproducibility of the tracings) Please see the anached flow chart for a graphical 

representation of these steps 

A. Reproducibility criteria 

L The largest FVC and the second largest FVC should not vary by more than 

5% of the largest readmg or 0.100 L, whichever 1s greater. 

2. The largest FEY! and the second largest FEVI should not vary by more than 

5% of the largest reading or 0 100 L, whichever is greater. 

FIVE PERCENT OF FVC AND FEVI VALUES 

VALUE (LITERS) 5% OF VALUE (CU CM) 

2.0 100 

2.5 125 

3.0 150 

3.5 175 

4.0 200 

4.5 225 

5.0 250 

5.5 275 

6.0 300 
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PROTOCOL FOR SINGLE BREATH NITROGEN WASHOUT 

The Single Breath Nitrogen Washout Test (SBNWT) is to be performed after the 
completion of the maximum forced expiratory flow-volume (MEFV) maneuvers. Before 
proceeding to the SBNWT, ask the subject ifs/he would like to rest before continuing. If 
the subject wishes to rest, allow 3-5 minutes; and then proceed. 

L CALIBRATION 

A. The calibration of the N, analyzer is to be carried out at the start of each work 
day m accordance with the proc~dures provided in SectiOn 10.2 of the 2100 System 
Operator's Manual 

l If the equipment remams on for the entJre day, no funhcr calibration 
is 1equired. 

2. If the equipment 1s turned off at any t1me durmg, recahbration is 
required prior to the perfonnance of any further testing 

B. l. The resul!s of each calibratiOn are to be recorded m the calibration log 
book as follows: 

2. 

3. 

date, time, "successfu!",value ofN, analyzer between 75-80,N,% after 
analyzer IS zeroed - -
if the calibratiOn is not successful, indicate the problem and the steps 
taken to correct it (this always must include a discussiOn with the 
technical rep from SensorMechcs--name of mdividual to be recorded 
along with date and time of conversations--NO TESTING IS TO BE 
CARRIED OUT UNTIL A SATISFACTORY CALIBRATION HAS 
BEEN ACHIEVED 

II CRITERIA FOR ACCEPT ABLE TESTS (modified from those provided by Division 
of Lung Diseases, NHLBI· Suggested Standardized Procedures for Closing Volume 
Determinatioru (Nitrogen Method). July, 1973) 

A. All of following criteria must be met for a curve to be acceptable--Ncb curve IS 
to be prmted and the pnntout evaluated to determine acceptability criteria--DO NOT USE 
THE CURVE ON THE CRT FOR THIS PURPOSE 

I. mean expiratory tlow after the first 500 ml is expired must be within 
300-600 ml/sec as mdicatcd on the display 

except for the first 500 ml of expiration, expiratory flow 
transients may not exceed the 600 ml!sec line for a volume of 
300 ml 
(l) except for the first 500 ml of expiratiOn, expiratory flow 

may exceed 600 mllsec on only 1 occasion, 1fthe volume 
over which the transient occurs IS less than 300 ml 

(a) the volume subsumed by the flow transient iS 
measured as the width of the transient at the 
level of the . 6Lisec line on the flow trace 

no specific criteria are ava1lable for flows that fall below 300 
mil sec after the first 500 ml of volume has been expired 
(1) for our purposes, a test Will be acceptable provided that 

there are no more than 2 flow transients of less than 300 
m!/sec over a volume of 300 ml and no more than a 
total of3 trans1ents 
(a) the volume subsumed by the flow transient is 

measured as the w1dth of the transient at the 
level of the . 3Lisec line on the flow trace 

(b) do not count as flow transients any flows below 
.3L/sec that occur after ?75% of FVC has been 
expired or after the closing volume point occurs 

the expired VC must be not less than 5% of the best FVC obtamed 
dunng the MEFV maneuvers 

(a) each VC must be withm 10% of the best FVC 
obtained during the SBNWT 

there must not be a "step" change in expired N2 concentration with 
continued cardiogemc oscillatwns 

III. PERFORMANCE OF THE TEST 

A. Three acceptable tracings, with a max1mum of 8 attempts (not including practice), 
are to be obtamed from each subject. If the first 3 tests are acceptable and reproducible, 
you do not have to go on 

n. 
placement 

I. all subjects arc to be given at least I practiCe attempt at the start of 
the testing (a second attempt, pnor to the start of testing, 
permitted at the of the technician) 

the data from this attempt is NOT to be saved even if it iS an 
acceptable test 

b. this practice attempt is NOT counted as 1 of the 8 attempts 
the test is performed in a position and with a nosec!ip 
be sure that you use the mouthpiece reqUired by the small 
rubber adapter 

and demonstrate the lktails of the test: (instructions for posture and 
mouthpiece are the same as those used for the MEFV maneuver 

Several are important to stress m the verbal explanatiOn and the 

h1s/her the needs to empty as 
to do so rapidly 

Part II: Estimation of Lifetime Ozone Exposure (Califomia Sites) 

(l) use phases such as "until you feel like you have 
absolutely no more air in your lungs"; until you feel that 
you can't possibly get any more air out of your lungs"; 
"you don't have to hurry" 

b. when filling his/her lungs, the subjects needs to do so smootllly 
and completely and does not have to hurry 
(1) use phrase such as those that you usc to get to TLC for 

the MEFV maneuvers 
1! is critical that the subject understand that the successful 
completmn of the test depends upon their ability to eiliale at 
a slow, controlled rate 
(I) dunng your explanation, show the subject the flow graph 

with its dotted lines at 300 ml/sec and 600 ml/sec and 
explain that s/he is to watch this graph throughout the 
test and to keep the moving line (the subjects actual air 
flow rate) between the 2 dotted lines at all times 

(2) after you have completed your demonstration, show the 
subject your flow curve to reiterate this point 

(3) after the subject has completed his/her practice curve, 
review their flow curve with him/her to identify 
problems or to prov1de pos11ive feedback 

(4) dunng the performance of the maneuver, you should be 
monitoring the flow curve and be usmg such phases as: 
"remember to keep the your line between the dotted 
lines", "try not to let your line go above the top dotted 
line at any time''; "good job, keep going"; "that's nice and 
smooth, keep it up" 

d. emphaSIZe that the subject will be expected to empty his/her 
lungs as completely as possible, JUSt as s/he did during the 
MEFV maneuver; use such phrases as: "until you feel that you 
have no more air left in your lungs"; "until your lungs are 
completely empty' 
(l) as the subJect nears the end of each test (indicated by a 

clear mcre<..se in the N2 concentration or a more marked 
increase in the rate of increase), use such phrases as: 
"keep pushing"; "push it out, push it out"; "keep going" 
(a) you should compute the subject's target VC (see 

Section IIA2 above) for each test so that you 
know when the subject has reach an acceprable 
VC--keep encouraging the subject to reach the 
volume that you are expecting 
i) when the desired has been achieved, the 

subject can stop 

C. Before beginning the testing with the subject, position the subject so that s/he 
dearly can see the CRT 

D. Follow the directwns in Sectmn 10.3 of the Operator's Manual for the operation 
of the equipment during the testing 

l. be sure that activate the Fl key or the hand-held buttom before 
the subject reached a full exhalation--failure to do so will result in 
incomplete delhery of the Ol bolus and falsely elevated Nl 
concentrations 

activatiOn of the key (button) at the beginning the eilialation 
flow plateau (determined from tracing on monitor) will assure 
proper delivery of the 0~ bolus 

E. After each test is performed: 
1 place the right-most venical cursor as far to the right as it will go (the 

cursor should overlap the vertical line at the end of the N, curve)--no 
closing volume will be measured by the computer as a re~ult of this 

print the curve at this point and evaluate the test according to 
the cnteria given in SectiOn IIA above"-
(!) if the curve is acceptable, save the results in the 

computer 
(2) save the printout for a!l tests, including those that are 

not acceptable 
(3) wnte the trial number on the printout 
(4) for the curves that are not acceptable, also write the 

criterion!cnteria was/that were not met (use the 
number[letter](number) that corresponds to the 
appropriate criterionlcritena in Section IIA 

after, the subject has left the lab, the closmg volume point will 
be determined from the printed curved according to the 
following as modified frcm Craven N, ~ <!J.. (Computer analysis 
of the single-breath nitrogen washout curve. Am Rev Respir Dis 
1976;445-9.) 
(l) use the calipers to measure the he1ght of the largest 

cardiogenic oscillation as determined by your visual 
(should be > 0.3% N1) 

if no cardiogenic- oscillation IS >0.3% N1, use the 
criterion given in (4) below -

(b) if the largest cardiogenic oscillation iS >3 times 
greater than the next largest, use the neXt largest 
for the measurement 

(2) place the small lucile ruler over the phase III of the N1 
washout curve such that the rule overlays phase III 
between the 750-1750 ml volume points 
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(3) the CV pomt is that pomt where phase III (after the 

1750 ml volume point) departs by > 3 times the 
magnirude of the cardiogenic oscillation that was 
measured 

(4) if no such departure is observed (as will be common in 

the age group that we are studying) or if the height of 
the cardiogenic oscillations could not be measured, the 
CV pomt is that point after the 1750 ml point where the 
posllive deviation is maintained over more than 10% of 
VC 
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ANTHROPOMETRIC MEASUREMENTS 

(lohman, 1988 #111! 

Introduction 

The term "anthropometric measurements" refers to measurements of body size and shape. The SPPARCS Project will 
be making a number of these measurements during the home visit and in the laboratory. Some measurements will made 
both at the home and laboratory visits and some only 111 the home. The measurements that w11! be made are: height, 
weight, selected skinfold thicknesses and body circumferences. The measurements of skinfold thickness and body 
circumferences are being obtained to estimate body fat distribution and indirectly to estimate lean body (muscle and bone) 
mass. These latter measures are important in our analysis of the laboratory exercise testing. 

It is essential that each set of directions be followed exactly as written. We must assure that the measurements that 
we obtain are accurate and uninfluenced by who actually made the measurement. To assure that your performance of 
the protocols does not change over time, you will undergo periodic testing by the Project Director or one of the Project 
investigators. 

Each subject has been mstructed to dress 1n such a manner that it Will be feas1ble lor you to make the measurements. 
II subjects are not properly dressed for a given measurement or set of measurements, do not try to make them until the 
subject has changed into the proper clothing. lfthesub1ect does not want to change, make only those measurement lor 
which the clothing is appropriate 

II. Performance Of The Tests 

A. Weight 

2. 

B. Height 

Procedure 

The subJect should be in stocking feet Both feet should be on the scale completely. The 
subject'shandsshouldhanglooselyathis/herslde,andthesubjectshouldbestandingstraight. 

(11 If the subject cannot stand Without support, do not try to weigh the subrect. For 
these latter subjects, ask them their weight, and record the1ranswerintheappropriate 
spacesonthecodingsheet. 

Equipment 

The scale should be placed on a hard floor Do not make the measurement on a carpeted floor 

(1) To activate the scale, press the scale with foot on the red hexagon. The press 
should be firm and quick. F1rst and w1ll appear, followed by a "000.0' 

12) When the "000.0" appears, have the subject step on the scale as directed above 
Whentheweightappearsonthescaleanddoesnotchange, record the result before 
thesubjectgetsoflthescale. 

(3) Record the weight to the nearest pound (.1 to .4, round down; .5 to .9, round up). 

The electronic scales should be protected from trauma lf the scale becomes soiled, the surface can 
be w1ped with a damp cloth. 

1. Home Vis1t: Procedure 

Find a wall that IS unobstructed by pictures, furniture, etc. and that comes down to a non· 
carpeted floor. Open the carpenter's ruler to at least 6'6", and hold it agamst the wall. 

Havethesubjectinstock1ngfeet 

Have the subject step back against the wall. The subject's arms should hang freely against 
the trunk, with palms lacing the thighs. The subject's heals should be touching each ather and 
the base of the wall. The feet should make an angle of about 60" with each other. The 
subject's head, shoulder blades andthebuttocksalsoshou!d touch the wall. If the subject is 
unable to have his/her head, shoulder blades and bullocks touch the wall, position the subject 
so that the buttock and heals or the buttocks and head are touching the wall. The subject's 
head should be placed such that the eye sockets and the opening of the ears forma line that 
lshorizontaltothefloor(FranklinHorizontalPiane). Askthesubjecttoinhaledeeplyand 
maintam a fully erect position without lowering his/her head. Place the plastic board on the 
highest part of the head, with the board parallel to the ground. Compress any hair. Read 
he1ght to the nearest 112''. Only a s1ngle measurement needs to be made. 

Laboratory Visit: Procedure 

The procedure 1s essentially the same as that performed m the home, except that a wall· 
mounted stadmmeter will be used in the laboratory. 
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APPENDIX D. Plots of Regression Diagnostics for 
Regressions of Measures of Pulmonary Function on 
Standardized Estimated Lifetime Ozone Exposures 

Selected regression diagnostics are provided for the ap
plication of the main model to hours above 60 ppb and 
effective ppb-hours per month based on the 10 a.m. to 6 p.m. 
average ozone concentrations. For each measure of lung 
function, four plots are provided on each page: 
Upper left Observed values for measure of lung 

function versus standardized exposure 
metric (see Analyses of the Relation 
Between Effective Lifetime Exposure to 
Ozone and Pulmonary Function section 
for definition); 

Upper right 

Lower left 

Lower right 
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Histogram of residuals for measure of 
function; 

Residuals of measure of function versus 
fitted values (from regression) of the 
measure of function; and 
Fitted values of the measure of function 
versus the observed values (solid line 
indicates line of identity for fitted and 
observed values). 
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Methods Development for Epidemiologic Investigations of the Health 
Effects of Prolonged Ozone Exposure 
Part III: An Approach to Retrospective Estimation of Lifetime Ozone Exposure 
Using a Questionnaire and Ambient Monitoring Data (U.S. Sites) 
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ABSTRACT 

Methods are needed for retrospective estimation of long

term ozone exposures in epidemiologic studies. The overall 

objective of this study was to evaluate whether data from 

available U.S. ozone monitoring sites are useful for estimat

ing lifetime ozone exposures of young adults (for example, 

college students). Several aspects of this question were 

evaluated. First, we applied and compared several spatial 

interpolation methods to a set of long-term average ozone 
data from all U.S. monitoring sites in operation from 1981 

through 1990. Interpolation methods included simple and 
weighted averages, linear regression, and, in an exploratory 

way, kriging. The comparison of methods was carried out 

for five different metrics of ozone concentration: the daily 
one-hour maximum (MAX1)* and eight-hour maximum 

(MAX8), the average ozone concentrations between 10 a.m. 

and 6 p.m. (MID8) and between 10 a.m. and 10 p.m. 

(MID12), and the sum of all hourly ozone concentrations 

greater than or equal to 60 parts per billion (ppb) (SUM06). 

We also tested whether interpolations were improved by 
modeling the influence of covariates such as population 

density, elevation, and weather on ozone concentrations. 

We analyzed the reliability of a set of newly developed 

questions about past activity levels among a group of 52 
freshmen students at Yale University. This was done by 

analyzing the agreement between answers to the same 

* A list of abbreviations appears at tbe end of tbe Investigators' Report. 
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questionnaire administered two times, one month apart 
(test and retest), to the same students. Finally, we combined 

the interpolation models with residential history informa

tion obtained by questionnaire to derive long-term ozone 

exposure estimates for a group of 200 Yale freshmen. 

Results of our study showed that the density of available 

monitoring sites appears to be adequate for estimating spa

tial patterns of long-term average ambient ozone concentra

tions. A simple regression-based interpolation on the three 

nearest sites produced consistently good results. Including 
covariates in the interpolation models did not substantially 

improve the estimates. The largest estimation errors ocurred 
for areas where ozone concentrations were highest. The newly 

developed activity history questions exhibited fair to mod

erate reliability. The results of this work imply that reason

ably precise estimates of long-term ambient ozone 

concentrations for use in large-scale epidemiologic studies 

can be achieved by interpolating ozone concentrations be

tween available U.S. monitoring sites. This study did not 

address the issues of whether and how retrospective data 
on factors that modify exposure or dose (e.g., indoor/outdoor 

penetration of ozone and time outdoors) can be used to derive 

estimates of long-term personal ozone exposures and con

tribute to the assessment of received dose. 

INTRODUCTION 

The acute effects of ozone on human pulmonary function 

are well documented in both controlled exposure and 

epidemiologic studies (Horstman et al. 1990; Spektor et al. 

1991); however, the public health significance of these short
term, generally reversible effects remains uncertain. Of 

greater public health concern would be persistent changes 
in pulmonary structure or function that develop over many 

years of ozone exposure, like those documented in long

term animal studies (Tyler et al. 1988). Whether such 
changes occur in humans is one of the major remaining 

uncertainties regarding ozone health effects (Tager 1993). 

To address the chronic effects of ozone epidemiologi

cally requires reliable methods for estimating long-term 

exposures of the individuals under study. The exposure 

assessment problem has two components: first, interpolat-

79 



ing ambient ozone measurements from the points of meas
urement to the locations where people live, and second, 
estimating individual exposures and doses conditional on 
ambient concentrations in the residential area. The present 
project focused primarily on methods to address the first 
component of the problem. 

Among the few epidemiologic studies that have ad
dressed the respiratory effects of long-term ozone exposures, 
exposure assessment methods have ranged among simple 
assignment to high-exposure and low-exposure categories 
(Detels et al. 1987), computing annual average ozone con
centrations from sites within the study areas (Schwartz 
1989), and simple interpolations from nearby sites 
weighted by inverse distance in specific areas (Abbey et al. 
1991a,b). Few studies have assessed exposures over periods 
long enough to constitute a significant fraction of the sub
jects' lifetime exposure history. In addition, the geographic 
range of study populations has been limited. Most studies 
have been carried out in California, where the longest and 
most extensive record of ozone monitoring exists. 

Since 1981, an extensive, high-quality, ozone monitoring 
network that spans the entire United States has been in 
place. The data from that network are now available in 
digital form on a data base maintained by the U.S. Environ
mental Protection Agency (EPA). Routine use of this rich 
data resource in epidemiologic studies of long-term ozone 
effects has been hindered by feasibility constraints and by 
uncertainties about the spatial representativeness of the 
monitoring network. 

Students attending college are an attractive population 
in which to study the human health effects of long-term 
exposure to air pollution for several reasons. This popula
tion is old enough to have experienced long-term exposure 
to air pollution, but too young to have experienced exten
sive occupational exposures that could confound the analy
sis. Residential histories of this population are relatively 
simple (i.e., most 18-year-olds have lived in fewer than 
three locations) and easy to document retrospectively. Na
tionwide air monitoring data that span their entire lifetime 
can in principle be matched with residential histories ob
tained by questionnaire to construct profiles of long-term 
air pollution exposure. The 18 years leading up to college 
constitutes a period of life during which people are typi
cally physically active and more likely to spend time out
doors, two factors that increase the received dose of air 
pollution at a given exposure concentration. In colleges that 
attract students from across the country, a broad and repre
sentative range of long-term pollution exposure histories 
should be available for study. Finally, the college setting 
simplifies the logistics of collecting health data (e.g., pul-
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monary function measures). For these reasons, the college 
years present a window of opportunity for the epidemiologic 
study of long-term air pollution effects. 

SPECIFIC AIMS 

The present study focused on improving the tools avail
able to epidemiologists for assessing long-term human ex
posure to air pollution in nationwide studies of young 
adults. The specific aims of this study were to: 
1. Evaluate the adequacy of existing ozone data from U.S. 

monitoring stations for retrospective exposure assess
ment in college-age cohorts. 

2. Develop, test, and evaluate a set of questions for col
lecting key data relating lifetime personal activity pat
terns and ozone exposures in the communities in which 
college freshmen had lived. 

3. Estimate lifetime ozone exposures for a sample of 200 
college freshmen, and evaluate the range and uncer
tainty of these estimates over space and time. 

4. Design a cohort study addressing functional effects of 
long-term ozone exposures in college students. 

METHODS 

DATA RETRIEVAL AND PROCESSING 

Hourly ozone measurements were obtained from all U.S. 
monitoring sites in operation from 1981 through 1990 (in
clusive) for which data were available on the Aerometric 
Information and Retrieval System (AIRS), a computerized 
data base maintained by the EPA. The AIRS data base serves 
as the central repository of all routine air monitoring data 
collected in the United States. The number of ozone moni
toring sites increased rapidly in the late 1970s, reaching a 
plateau of more than 600 sites in 1981. Hourly ozone data 
on AIRS were downloaded in the AMP355 format to site
specific files, each uniquely identified by a standard nine
digit code (two digits for the state, three digits for the 
county, and four digits for the site). From the AMP355 file, 
we extracted the site identification, date, hour, and ozone 
concentration. The hourly ozone observations were then 
converted to daily and monthly ozone summary metrics 
(see below). This processing was carried out using FOR
TRAN and SAS programs (SAS Institute, Cary, NC), yield
ing as output two SAS data sets, one containing daily ozone 
records, and the other containing monthly ozone records. 

Because it is not clear what measure of daily ozone 
concentration is most relevant to human health effects, we 
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computed five separate ozone metrics. The MAX1 metric is 

the daily one-hour maximum ozone concentration, the 

measure by which the ambient air quality standard was 

previously defined. MAX8, the daily maximum eight-hour 

running average, is the measure used for the current ozone 

standard. MID8 and MID12 are unique in that they average 

over the specific hours of the day when people tend to be 
most active-that is, between 10 a.m. and 6 p.m. and be

tween 10 a.m. and 10 p.m., respectively. The SUM06 met

ric, which is the sum of hourly concentrations of 60 ppb or 

higher, incorporates the concept of a threshold (60 ppb) 

below which hourly concentrations are assumed to be ir

relevant. SUM06 has been used extensively in crop-loss 

studies and was included here for completeness. 

As a way of addressing gaps in the available raw hourly 
data, we arbitrarily chose to compute a summary metric if 
at least half of the possible hours were available for the 
computation. Thus, if fewer than 12 hourly ozone observa
tions were available in a day, MAX1 and SUM06 were set 
to "missing." If between 12 and 23 valid hourly ozone 
values were available for a given day, the SUM06 value for 
that day was adjusted upward in proportion to the ratio of 
24 hours to the number of hours with data. If fewer than five 
8-hour running averages were available in a day, MAX8 was 
set to missing; if fewer than four hourly values were avail
able between 10 a.m. and 6 p.m., MID8 was set to missing; 
if fewer than six hourly ozone values were available be
tween 10 a.m. and 10 p.m., MID12 was set to missing. 

Monthly means were computed of each daily ozone 
metric (except SUM06, for which the monthly sum was 
computed). In all cases, valid daily values for at least half 
of the days in a month were required in order to compute 
the monthly metric. When some days were classified as 
missing, monthly SUM06 was adjusted upward in propor
tion to the ratio of total days in the month to valid days in 
the month. 

For interpolation modeling in the present project, the 

monthly data were averaged to obtain the 10-year average 

of ozone concentrations over the summer season (that is, 

June, July, and August) for each of the five metrics. These 

10-year summer means were used in most of the analyses 

described below. 

INTERPOLATION OF OZONE CONCENTRATIONS 

A major goal of this project was to determine the quality 

of long-term ozone exposure estimates that can be obtained 

by interpolation from available U.S. ozone monitoring sites. 

Such interpolations, if reliable, would have value in esti
mating individual ozone exposures in epidemiologic stud

ies addressing the respiratory health effects of long-term 

ozone exposure. 

We tested several different methods of interpolation, and 

compared the magnitudes of the interpolation errors across 
methods. Interpolation quality was quantified using the 

root mean square of the differences between interpolated 

summer mean ozone concentrations at the ozone monitor

ing stations and the actual concentrations measured there. 

This approach provides a direct measure of interpolation 

quality-that is, the SD of the residuals (observed minus 

predicted values)-and a measure by which alternative 

interpolation methods could be compared. 

Four interpolation methods were tested on the full data 

set. The computations involved in each method can be 

described mathematically as follows: 

(1) simple average of k nearest sites, 

1\ 1 k 

Oo =ki 0;; 
j = 1 

(2) inverse-distance-weighted average of k nearest sites, 

1\ k 1 k 1 
o a = ( 11 I -;:r) I o; · -;:r : 

i=1
1

i=1 
1 

(3) inverse-distance-squared-weighted average of knearest 

sites, 

1\ k 1 k 1 
Oo =(11I-z)Ioi• 2 : 

d d i= 1 1 j = 1 1 

( 4) regression on k nearest sites, 

1\ 

1\ k 

Oo =a+ I ~;0;; 
i= 1 

where 0 0 =estimated summer mean concentration at site 

0; 0; =summer mean ozone concentration at the ith nearest 

site; d; =distance to ith nearest site; a= intercept term; and 

~ = slope relating ozone at site 0 to ozone at nearest sites 1 

to k. 

These methods can all be thought of as members of a 

larger class of linear models that involve linear combina
tions of ozone data from surrounding sites. For example, 

methods 1, 2, and 3 are special cases (with exponents 0, 1, 

and 2) of a more general class of methods in which the 

exponent of distance is treated as a free parameter. Further, 

method 4 can be thought of as a generalization of methods 

1, 2, and 3 in which the data themselves dictate the weighting 

coefficients. Understanding these relations among methods 

leads to the a priori expectation that method 4 will best fit 

the data. 

Method 4 (regression) utilizes data from surrounding 

sites only on the basis of their ranked nearness to the site 

being estimated. Intersite distances are not explicitly util
ized in this method. Methods 2 and 3 do use distance, but 

81 



only to derive relative weights. None of the four methods 
uses distance in a direct way in the interpolations. We chose 
this "nearness-based" approach on the basis of preliminary 
analyses suggesting that spatial variations in ozone concen
trations were a stronger function of nearness than of distance. 
For example, we observed that the absolute differences in 
ozone concentrations between pairs of nearest sites were 
nearly constant, averaging between 4 and 6 ppb for all 
intersite distances up to 100 miles (Figure 1). 

Interpolation methods 1 through 4 were each applied in 
turn to estimate summer mean ozone concentrations at all 
U.S. monitoring sites using data from k nearest sites. This 
was done for values of k ranging from 1 to 10, and was 
repeated for each of the five ozone metrics (that is, MAX1, 
MAX8, MID8, MID12, and SUM06). In each case, the SD of 
the residuals (observed minus predicted values) was com
puted. The interpolation algorithms were implemented us
ing the statistical programming languageS-Plus (MathSoft, 
Seattle, WA). 

Interpolation outliers-that is, those monitoring sites for 
which interpolation residuals were large-were examined 
to determine whether geographic patterns were evident. 
This work was carried out for the residuals of the regression 
method with k = 3 applied to the MAX1 ozone metric. The 
20 largest outliers were selected for geographic display. 

Expanded Regression Method 

After the initial interpolation modeling, which based 
ozone estimates solely on ozone data from nearby sites, we 
next explored whether augmenting the interpolation with 
several potentially important co variates would improve the 
quality of estimation. The covariates included three me
teorologic variables (mean summer temperature, relative 
humidity, and wind speed from the three weather stations 

0 
N 

50 100 

Distance (miles) 

150 200 

Figure 1. Locally weighted smoothing scatterplo! (LOESS) of absolute dif
ferences in ozone concentrations between pairs of nearest sites, as a function 
ofthe distance between the sites. 
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nearest the ozone monitoring site). population density in 
the census tract occupied by the site and in the two nearest 
census tracts, and site elevation. The meteorologic data were 
obtained from the International Station Meteorological Cli
mate Summary of the National Climatic Data Center 
(Asheville, NC). We retrieved multiyear averages of monthly 
weather data for 308 U.S. weather stations in operation 
between the 1950s and the early 1990s. Temporal coverage 
varied somewhat by site. Data for June, July, and August 
were averaged, yielding mean summer data for each site for 
the three meteorologic parameters (temperature, relative 
humidity, and wind speed). The three weather stations 
closest to each ozone monitoring site were identified using 
longitude and latitude coordinates. Population density data 
for all U.S. census tracts were from 1990 census data (ob
tained from Wessex, Inc., Burlington, MA). The centroid 
longitude and latitude coordinates of census tracts were 
used to identify the three tracts nearest to each ozone 
monitoring site (note that the nearest tract was that in which 
the ozone monitoring site was located). Population density 
was viewed as a surrogate for emission density of ozone 
precursors. The elevation of each ozone monitoring site was 
obtained from the AIRS data base. 

Covariate modeling was carried out in the context of a 
regression model (method 4 above) that included the three 
nearest ozone monitoring sites (that is, k = 3) along with the 
meteorologic, population density, and elevation covariates 
discussed above. The SD of interpolation residuals and 
multiple correlation coefficient squared (R2

), which is, the 
proportion of variance explained by the model, were used 
as measures of model quality. 

Distance-Based Methods 

As noted, the four interpolation methods evaluated 
above do not take explicit account of intersite distances. To 
explore whether explicit consideration of distance would 
improve interpolation results, we carried out two secon
dary analyses. First, we used the basic three-site regression 
interpolation method again for three subsets of sites: those 
for which the nearest site was within 10 miles; those for 
which the nearest site was between 10 and 30 miles away; 
and those for which the nearest site was more than 30 miles 
away. Because of the relation between monitoring site 
density and population density, this also provides an ap
proximate classification of sites onto a gradient leading 
from urban to rural areas. 

Second, we tested a distance-based method, kriging 
(Cressie 1989), on data subsets. Universal kriging amounts 
to fitting a process of the form 

Z(x) = f(x)Tp + E(x).f(x) = {/l(x), ... ,fp(x)) 
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by generalized least squares, predicting the value at loca

tion x of both terms, and taking their sum. The term f (x) T 13 

represents the trend, and E (x) the random fluctuation. 

Subscript p is the order of trend surface, and 13 is the 

coefficient of least squares for h to fp (Ripley 1981). 

Kriging begins with estimation of the "variogram," a 

function relating the variance of pairwise intersite differ

ences in concentration to the distance between the sites. The 

variogram, which is closely related to the autocovariance 

function, is then used to estimate parameters of a linear 

prediction model that weights concentrations measured at 

nearby sites on the basis of their distance from the site to 

be estimated. 

For the kriging analysis, we used the "surf.ls" program 

of the spatial functions obtained from the S-Plus software 

library. This uses covariance function C such that C(x,y) = 

c[d(x,y)], where cis the correlation and dis the Euclidean 

distance. This implicity rescales x andy to [-1,1], which 

ensures that the first few polynomials are far from collinear. 

A correlogram was computed by dividing the distance into 

67 bins and finding the covariance between pairs whose 

distance falls into each bin, then dividing by the overall 

variance. 

The variogram was then used to estimate parameters of 

a linear prediction model based on their distance from the 

site to be estimated. The variogram computed from the 

kriging results is related to C by 

V(x,y) = 1/2 [C(x,x) + C(y,y)]- C(x,y) = c(O)- c[d(x,y)] 

Kriging was applied to two subsets of the 10-year summer 

mean data set: the entire state of California (122 sites), and the 

three-state region of New York, New Jersey, and Connecticut 

(NY /NJ/CT) (69 sites). Correlograms and variograms were 

created and polynomial curves of order 2 were fitted to the 

variogram. Residuals were computed from the data, and the 

residual mean square error was compared with the regres

sion method for the same data set, based on the 10 nearest 

sites. 

Kriging usually fits very precise estimates of ozone con

centrations at monitoring locations. More relevant to the 

exposure estimation problem is the quality of estimates for 

unmeasured locations. To address this problem, we split 

the data in each region into two portions. Two thirds ofthe 

sites (chosen at random) were used for parameter estima

tion, with the remaining one third used for estimation and 

error analysis. For comparison, we also tested the regres

sion method in the same way. 

ACTIVITY HISTORY QUESTIONS 

In order to use ambient ozone data to estimate long-term 

exposures of individuals in the context of epidemiologic 

studies, individual-level data are needed on residential 

histories and other factors assessed over long time periods. 

Outdoor activity patterns are important determinants of 

individual ozone doses conditional on ambient concentra

tion. At a constant ambient concentration, subjects who 

spend more time outdoors and more time engaged in vigor

ous activities outdoors will tend to have larger ozone than 

do other subjects. One goal of our work on this project was 

to develop and test a set of questions that retrospectively 

assessed these and other factors over the entire lifetime of 

a young-adult population. 

Activity questions were developed as described below 

and included in a larger questionnaire that was self-admin

istered by a group of freshmen at Yale University (Appendix 

A). The questionnaire assessed several factors besides life

time activity patterns, including such indoor factors as use 

of gas stoves and air conditioners. However, the analyses 

presented here focused on evaluating the test-retest reliability 

of a set of five questions (questions 39 through 43) developed 

to retrospectively assess lifetime activity patterns and lev

els (see Table 11 in the Results section). These questions 

were singled out for reliability analysis because, in contrast 

to most of the other questions, they were newly developed 

for this study. 

Our activity questions were based on a set of questions 

developed and tested by Dr. Ira B. Tager and his colleagues 

in the study reported as Part II of this Research Report (see 

Appendix A, Part II). However, the activity questions in the 

present study were referenced to specific life epochs rather 

than to specific residences. Activity patterns during four 

life epochs were assessed in our questions: before age 6, 

during elementary school, during middle school, and dur

ing high school. The questions addressed both summer and 

school-year activities. Assessing activity within consistent 

life epochs, rather than with reference to specific resi

dences (the riumber and timing of which vary across indi

viduals), provides time references that are consistent 

among individuals. This new approach may facilitate ap

plication of activity data as modifiers of exposure or re

ceived dose within specific periods of life that differ in 

terms of exposure or lung development or both. 

The reliability of questions 39 through 43 was analyzed 

by administering the questionnaire twice, approximately 

one month apart, to a set of 52 Yale freshmen as part of an 

ongoing National Institutes of Health-funded epidemio

logic study assessing respiratory health in young adults. 

The initial measurements were collected during pilot sam

pling at Yale in late February 1995. A total of 116 subjects 

completed the questionnaire during the pilot study. The 

follow-up measurements were carried out in late March and 

early April when the first full cohort of subjects (N = 624) 
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was recruited for the larger study. Fifty-two subjects com
pleted questionnaires for both the pilot and main studies. All 
subjects read and signed an informed consent form approved 
by the Columbia Health Sciences Institutional Review Board 
and the Yale Human Investigations Committee. 

Analyzing the consistency in questionnaire responses 
across two separate occasions provides a measure of the 
questionnaire's "reliability," but not of the veracity or "valid
ity" of the responses. Good reliability is consistent with, but 
does not prove, validity. Reliability ofthe activity questions 
was analyzed by computing simple and weighted kappa 
statistics (Fleiss 1981) using the SAS Freq procedure with 
the Agree option (SAS Institute). The kappa statistic meas
ures the level of agreement between repeated measure
ments of a categorical variable beyond the agreement that 
would be expected by chance alone. The weighted kappa 
accounts for approximate agreement by giving greatest weight 
to exact agreement (that is, the diagonal of the contingency 
table) and progressively less weight to off-diagonal ele
ments. 

LONG-TERM EXPOSURE ESTIMATION 

We utilized the three-site regression interpolation method 
along with residential history information obtained by ques
tionnaire (with residences resolved to the level of month 
and town) to retrospectively estimate and analyze long
term ambient ozone exposures for a group of 200 first-year 
students at Yale University. Of 458 subjects who completed 
questionnaires in 1996, these, 104 (23%) reported living 
outside the United States for more than one year and were 
excluded from the exposure analysis. From the remaining 
354 subjects, we randomly selected 200 for whom we esti
mated long-term ozone exposure. The group was equally 
split among men and women, and ranged in age from 17.5 
to 21 years (mean= 18.9 years). The racial distribution was 
as follows: white (66%), black (7.5%), Hispanic (5.5%), 
Asian (15%), and other (6%). 

Estimates of the summer mean for daily eight-hour maxi
mum ambient ozone concentrations in residential locations 
were obtained by interpolation from the three nearest moni
toring sites. Town centroids were geocoded according to 
latitude and longitude coordinates. Interpolations were car
ried out the regression method described above, which 
exhibited relatively low interpolation errors. 

Two alternative methods were used to compute individ
ual long-term ozone exposures, one time-independent and 
the other time-dependent For the time-independent 
method, each residential location was characterized by a 
single, time-invariant ozone estimate obtained by interpo
lation from monitoring site data averaged over all available 
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years in the period 1981 through 1990. Individual10-year 
exposure estimates were then calculated by averaging over 
all residences for a given subject, weighted by the number 
of years at each residence. 

For the time-dependent method, year-specific exposure 
estimates were obtained for each subject at each residential 
location by interpolation from monitoring site data avail
able for each separate year. The result was a 10-year series 
of annual exposure estimates for each individual that typi
cally covered the period between ages 4 and 13. To compute 
long-term exposures, we averaged the annual exposure 
estimates over 10 years for each subject 

Operationally, the time-independent method was sim
pler to carry out, and utilized all available sites (n = 1, 112) 
for the interpolations, but had the drawback of ignoring 
year-to-year variations in concentrations. The time-de
pendent method captured temporal variations in concen
trations, but was slightly more laborious because it required 
annual interpolations. 

The distributions of long-term ozone exposure estimates 
obtained by the two methods were examined and com
pared. In addition, we carried out a nested random effects 
analysis of variance using the annual estimates from the 
time-dependent method, yielding estimates of both the 
within-person and between-person variations in exposures. 
These variance estimates can be used to perform sample 
size calculations in designing future epidemiologic studies. 

QUALITY ASSURANCE 

The data analyzed in this study were subjected to several 
levels of validation and review. The primary purpose of this 
effort was to verify that no errors were introduced as the 
data passed through the processing stream, from initial raw 
data records to the final data sets used for analysis. A 
secondary purpose was to evaluate in general terms the 
adequacy ofroutine site operation procedures used in gen
erating the raw data. 

Data processing was verified in several ways. A written 
procedure was developed and used for retrieving and proc
essing hourly ozone records from the EPA AIRS data base. 
Any error messages generated by the SAS system during 
routine data processing were printed on the screen and 
followed up immediately. Listings of program logs and data 
summaries for each site were printed on paper, reviewed 
by the principal investigator, and kept on file. Merging of 
the site-specific monthly summary files into a single na
tional data base and computation of 10-year summer means 
were carried out directly, or under close supervision, by the 
principal investigator. Dated records of all data processing 
tasks and corresponding data sets were kept on file. 
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As a final check of the data processing system, a ran

domly selected subset of 177 sites were reretrieved from the 

AIRS data base and reprocessed by an independent techni

cian. The ozone means were then compared with those 

processed initially. This level of verification (n = 177) was 

chosen on the basis of hypergeometric sampling theory in 

order to have 90% confidence that the error rate was less 

than 1% in the full data base of 1,112 sites. Complete agree

ment was observed. 

The secondary quality assurance objective, to evaluate in 

general terms the adequacy of routine site operation proce

dures used in generating the raw data, was carried out by a 

telephone survey of routine operating procedures used at a 

random subset of monitoring sites. Methods used for main

taining and calibrating ozone monitors can affect the accu

racy of the measurements reported by those monitors. Of 

particular importance is the method used to deliver calibra

tion gas to the monitor; this can be done either directly at 

the monitor inlet or through the sample line and filter 

leading to the monitor. The latter approach is preferable in 

that long sample lines and dirty filters can serve as ozone 

sinks. This problem was noted at several monitoring sites 

audited by New York University staff (Mr. John Gorczynski, 

personal communication) in a previous study. Other rele

vant issues include the frequency of instrument audits by 

an independent agency, the frequency of instrument filter 

changes, and the type of ozone instrument used. 

A thorough analysis of site operations would require site 

visits and calibration audits of a representative sample of 

ozone monitoring sites, an effort beyond the scope of the 

present study. However, to make a qualitative assessment 

of these issues, a short questionnaire was developed and 

administered over the telephone to a random sample of site 

operators. We randomly selected 79 sites that were in 

operation in 1990, the most recent year available in our data 

base, and contacted the agency responsible for monitoring 

at that site. When possible, the interviewer spoke with the 

individual who actually operated the site in question. Com

plete data were obtained for 60 (76%) of 79 sites. The data 

were summarized in terms of frequencies on key questions 

relating to ozone sampling and calibration. 

RESULTS 

DATA SUMMARIES 

The ozone data base we constructed spanned the years 

1981 through 1990. A total of 1,112 sites had at least one 

month of valid data during this period (Figure 2 [next 

page]); however, in any given year, the number of sites in 

operation ranged from 605 (1981) to 702 (1990) (Table 1). 

Table 2 presents summary statistics on the entire data set 

of monthly values. Recall that MAXl is the daily one-hour 

maximum, MAX8 is the daily eight-hour maximum, MID8 

Table 1. Number of U.S. Ozone Monitoring Sites in 
Operation Each Year (1981-1990) 

Number of 
Year Monitoring Sites 

1981 605 
1982 617 
1983 637 
1984 617 
1985 623 
1986 607 
1987 640 
1988 655 
1989 684 
1990 702 

Table 2. Summary Statistics of 10 Years of Monthly Ozone Metric Data 

MAXl (ppb) MAX8 (ppb) MID8 (ppb) MID12 (ppb) SUM06 (ppb-hr) 
(n = 62,269) (n = 61,917) (n = 62,292) (n = 62,334) (n = 62,269) 

Mean 49.0 40.6 39.3 34.4 4,076.1 

SD 18.6 15.8 15.8 14.2 5,494.1 

Maximum 233 167 166 134 67,791 

95th percentile 75 66 64 57 14,835 

75th percentile 60 51 50 44 6,092 

Median 48 40 39 34 1,924 

25th percentile 36 29 28 24 120 

Minimum 0 0 0 0 0 
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is the average concentration between 10 a.m. and 6 p.m., 
MID12 is the average concentration between 10 a.m. and 10 
p.m., and SUM06 is the sum of all hourly concentrations 
greater than or equal to 60 ppb. As expected, a strong 
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seasonal cycle was evident, as illustrated in the data for 
MAX1 (Table 3). Also, there were no strong trends over 
time, as illustrated for MAX1 also in Figure 3. 

Table 3. Summary Statistics of 10 Years of Monthly Data for Ozone Metric MAX1 

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec (n = (n= (n= (n = (n = (n = (n = (n = (n = (n = (n = (n = 3861) 3888) 4137) 5703) 6036) 6119) 6200) 6262) 6212) 5863) 4143) 3845) 

Mean 29.2 35.9 43.5 51.4 57.3 62.0 64.6 61.9 52.4 41.7 32.6 27.2 
SD 8.6 9.3 10.0 10.7 12.4 16.7 18.8 18.4 15.7 12.9 9.8 8.5 
Maximum 70 78 107 130 174 215 219 233 198 143 74 68 
95th percentile 44 51 60 68 76 86 92 87 76 65 49 41 
75th percentile 35 42 49 57 63 70 73 69 58 48 39 33 
Median 28 35 43 51 57 61 64 60 50 40 31 26 
25th percentile 23 30 37 45 50 53 54 52 44 34 25 21 
Minimum 0 1 0 0 0 0 1 2 4 1 0 0 

Figure 2. Distribution of1,112 U.S. ozone monitoring sites (3 sites in Alaska and 2 in Hawaii are not shown). 
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As noted in the Methods section, interpolation methods 

were tested using ozone data that were averaged over all 

years for summer months only. This reduced data set, which 

had one observation per site on each of the five ozone metrics, 

is summarized in Table 4. The distributions for all five metrics 
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Figure 3. Annual distribution of monthly mean ozone concentration for 

MAXl. The horizontal line in the interior of each box is located at the median 
of the data. The height of each box equals interquartile distance, IQD (i.e., 
3rd~lst quartile). The dashed lines (whiskers) extending vertically from the 
top and the bottom of each box extend to the extreme value of the data or 1.5 

x IQD (whichever is less). Dashes outside the brackets are the outliers. 

were unimodal and skewed toward higher concentrations. 

This is illustrated for MAX1 in Figure 4. The skew was most 

pronounced for SUM06 (data not shown). Correlations 

among the five summer mean ozone metrics were high, but 

correlations involving SUM06 were slightly lower (Table 5). 
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Figure 4. Frequency distribution of summer mean ozone concentrations for 

MAXI. 

Table 4. Summary Statistics of 10-Year Means of Ozone Metric Data for Summer (June-August)a 

MAX1 (ppb) MAX8 (ppb) MID8 (ppb) MID12 (ppb) SUM06 (ppb-hr) 

Mean 61.2 51.4 50.0 44.5 7,661.0 

SD 15.5 12.3 12.2 10.5 5,697.8 

Maximum 185 135 128 117 56,098 

95th percentile 79 67 66 59 15,982 

75th percentile 68 58 56 50 10,081.5 

Median 61 52 50 45 7,076.5 

25th percentile 53 45 43 38 4,000 

Minimum 13 9 9 7 0 

"n = 1,112 U.S. monitoring sites analyzed. 

Table 5. Correlation Matrix of 10 Years of Summer Mean Ozone Metric Data 

MAX1 MAX8 MID8 MID12 SUM06 

MAX1 1.00 
MAX8 0.97 1.00 
MIDB 0.97 0.99 1.00 

MID12 0.91 0.98 0.97 1.00 

SUM06 0.89 0.92 0.89 0.91 1.00 
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INTERPOLATION OF OZONE CONCENTRATIONS 

Four interpolation methods were tested on the full U.S. 
10-year summer mean data set: simple averaging, inverse-dis
tance-weighted averaging, inverse-distance-square-weighted 
averaging, and linear regression. For each method, ozone 
concentrations were predicted using one to ten (inclusive) 
nearby ozone sites. Ozone concentrations were interpolated 
to each monitoring site, enabling comparison of the inter
polated and actual concentrations at each site. The SD of 
interpolation residuals (or errors) was used to compare 
methods. Results are displayed in Table 6 and Figure 5. The 
regression method slightly outperformed the other methods 

Part III: Estimation of Lifetime Ozone Exposure (U.S. Sites) 

for all five ozone metrics. For the regression method, error 
SDs got smaller as the second and third nearby sites were 
added to the interpolation; however, when more than three 
sites were added, the marginal improvement diminished. 
For the other methods, interpolations improved initially 
but then deteriorated as more nearby sites were included as 
predictors. 

Figure 6 is a scatterplot of observed and predicted data 
for the regression model applied to the MAX1 metric. Each 
point represents the observed and predicted concentrations 
at an individual monitoring site. The error SD for this model 
was 7.9 ppb, which represented 13% of the mean MAX1 

Table 6. Standard Deviations of Residuals (Errors) for Five Ozone Metrics Using Four Interpolation Methods on 1 to 10 Nearest Sites 

Number of Nearest Sites Used for Interpolation 

1 2 3 4 5 6 7 8 9 10 

MAX1 
Simple avg 9.37 8.50 8.03 8.25 8.30 8.65 8.78 8.93 9.15 9.32 Inverse dist 9.37 8.68 8.33 8.95 8.97 9.39 9.45 9.58 9.81 9.99 Inverse dist sq 9.37 8.89 8.60 9.35 9.34 9.80 9.84 10.00 10.30 10.50 Regression 9.04 8.37 7.93 7.90 7.82 7.81 7.80 7.80 7.80 7.81 

MAX8 
Simple avg 8.24 7.25 6.85 6.94 6.99 7.17 7.24 7.33 7.46 7.57 Inverse dist 8.24 7.37 7.06 7.43 7.47 7.68 7.68 7.77 7.91 8.03 Inverse dist sq 8.24 7.52 7.25 7.71 7.75 7.95 7.96 8.08 8.23 8.35 Regression 7.82 7.13 6.80 6.76 6.72 6.72 6.71 6.71 6.72 6.72 

MID8 
Simple avg 8.22 7.25 6.86 6.92 6.95 7.12 7.18 7.28 7.39 7.49 Inverse dist 8.22 7.38 7.07 7.33 7.39 7.59 7.61 7.69 7.83 7.94 Inverse dist sq 8.22 7.54 7.23 7.59 7.64 7.87 7.88 7.99 8.14 8.26 Regression 7.77 7.12 6.79 6.75 6.71 6.71 6.70 6.99 6.70 6.71 

MID12 
Simple avg 7.54 6.55 6.22 6.31 6.36 6.44 6.47 6.53 6.60 6.68 Inverse dist 7.54 6.65 6.43 6.76 6.78 6.86 6.83 6.88 6.95 7.03 Inverse dist sq 7.54 6.77 6.62 7.02 7.02 7.09 7.04 7.11 7.19 7.26 Regression 7.06 6.42 6.16 6.14 6.12 6.12 6.10 6.10 6.10 6.10 

SUM06 
Simple avg 4,082 3,524 3,451 3,539 3,552 3,623 3,660 3,685 3,733 3,781 Inverse dist 4,085 3,597 3,624 3,873 3,855 3,913 3,902 3,914 3,960 4,015 Inverse dist sq 4,085 3,661 3,767 4,040 4,035 4,069 4,081 4,060 4,107 4,169 Regression 3,854 3,483 3,391 3,384 3,368 3,370 3,368 3,366 3,366 3,365 
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concentration in this data set. These results demonstrate 
that reasonably precise estimates of ozone can be obtained 
for the United States as a whole using a regression-based 
approach. 
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Residuals from the regression interpolation for the MAXl 
metric were examined. The distribution of interpolation 
residuals (observed minus predicted values) for the three 
nearest sites is shown in Figure 7. A map showing the 
geographic distribution of the 20 largest residuals is pre
sented in Figure 8. Of the 20 largest residuals, 14 (70%) 
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Figure 7. Distribution of residuals from regression on the three nearest sites 
for MAXI. 

Figure II. Geographic distribution of the ozone monitoring sites where the 20 largest residuals were found using the linear regression prediction method. 
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were for sites in California, mostly in the vicinity of Los 

Angeles. Four outlying sites were in the metropolitan 

NY /NJ !CT area. The remaining outliers were in Massachu

setts and Hawaii. A map of the 20 largest relative residu

als-that is, where the residual divided by the observed 

ozone concentration was greatest-revealed a pattern simi

lar to that in Figure 8 (not shown). 

To determine whether interpolation errors could be fur

ther reduced, the regression on the three nearest sites was 

augmented with covariates that we hypothesized might 

improve the interpolations. The covariates included tem

perature, relative humidity, wind speed, population den

sity, and elevation. Summary statistics on the covariate data 

are presented in Table 7. Correlations between ozone and 

the five covariates were modest (Table 8), varying from 

-0.25 to 0.21. Results ofthe regression interpolations using 

Table 7. Summary Statistics of Covariatesa 

Relative 
Temperature (°F) Humidity(%) 

Mean 84.2 49.1 
SD 6.7 15.4 
Maximum 105 71 
95th percentile 95.3 64 
75th percentile 88.6 56.3 
Median 83.6 53.7 
25th percentile 80.6 51.3 
Minimum 52.3 0 

'n = 1,112 U.S. monitoring sites analyzed. 

the three nearest ozone sites and the five covariates are 

summarized in Table 9 along with results for the three-site 

method that did not include covariates. The addition of 

covariates resulted in very small (essentially negligible) 

improvements in the explanatory power of the methods 

beyond that which was obtained by directly interpolating 

ozone concentrations from the three nearest sites. 

To examine the possible role of intersite distance as a 

determinant of interpolation errors, the basic three-site 

regression method was used again for three subsets of sites: 

those for which the nearest site was within 10 miles (n = 

632 sites); those for which the nearest site was between 10 

and 30 miles away (n = 374 sites); and those for which the 

nearest site was more than 30 miles away (n = 106 sites). 

The SDs ofthe interpolation residuals were 8.6, 7.9, and 7.3 

ppb, respectively, for the three data subsets. This suggests 

Wind Speed Population 
(knots) Elevation Density 

7.6 160.5 1.1 
2.1 159.3 2.2 

12.3 990 40.4 
10.3 408 4.2 

8.7 226 1.5 
8 140 0.5 
7 25 0.1 
0 0 0 

Table 8. Correlation Matrix of Ozone Metric with Ozone Concentration at the Three Nearest Sites and with Covariates 

Ozone at Ozone at Ozone at 
Ozone Nearest 2nd Nearest 3rd Nearest Population Relative Wind 

Metric Site Site Site Density Elevation Temperature Humidity Speed 

MAX1 0.81 0.78 0.75 0.05 0.06 0.17 -0.21 -0.20 

MAX8 0.77 0.76 lJ.72 -0.02 0.12 0.18 -0.21 -0.16 

MID8 0.77 0.75 0.71 -0.25 0.12 0.21 -0.21 -0.16 

MID12 0.74 0.73 0.68 -0.07 0.18 0.18 -0.20 -0.11 

SUM06 0.74 0.73 0.65 0 0.08 0.16 -0.18 -0.15 
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Table 9. Standard Deviations of the Residuals (Errors) and Multiple Correlation Coefficients Squared of Ozone Modeling Results with Ozone Concentration at the Three Nearest Sites Without and With Five Covariatesa 

Ozone Without Five Covariates Ozone With Five Covariatesa 

Ozone Metric SD of Residual Error Rz SD of Residual Error Rz 

MAX1 7.93 0.74 7.94 0.74 
MAX8 6.80 0.69 6.81 0.70 
MID8 6.80 0.69 6.81 0.69 
MID12 6.16 0.65 6.17 0.66 
SUM06 3,391 0.65 3,392 0.65 

a The five covariates were elevation, population density, relative humidity, temperature, and wind speed. 

Table 10. Standard Deviations of Residuals (Errors) of 
Ozone Estimation in the California and NY !NJICT Areas 
by the Regression and Kriging Methods 

Area 

California 
NYINJICT 

Kriging 

15.32 
11.57 

Regression 

21.33 
12.44 

that interpolation errors do not increase (and may diminish 
slightly) as distance between sites increases and as one 
moves along an urban-to-rural gradient. 

We explored kriging as an alternative to the four methods 
described above using data from two regions: California and 
NY INJICT. Models were fit using two thirds of the data from 
each region, and then tested on the remaining one third. 
Results are given in Table 10. Interpolation errors (i.e., SDs) 
were somewhat larger in general than those obtained for the 
country as a whole. This may relate to the regions analyzed, 
which have some of the highest and most variable ozone 
concentrations in the country, or to the small sample sizes and 
the two-stage validation method employed. For these data 
subsets, the kriging method performed better than the re
gression method, suggesting that distance-based ap
proaches have merit. This should be further investigated in 
future work. 

RELIABILITY OF THE ACTIVITY 
HISTORY QUESTIONS 

Fifty-two Yale freshmen (30 females and 22 males) com
pleted the activity history questions on two separate occa
sions approximately one month apart. The mean subject age 
was 19 (range 17 to 2 1). Response frequencies are displayed 
in Table 11 and in Figures 9-13. Almost half ofthe subjects 
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reported participating in outdoor physical activities (ques
tion 39) most days during the academic year (September 
through May); progressively fewer subjects reported par
ticipating in outdoor activities 3 to 4 days/week, 1 to 2 
days/week, and never. There were no obvious trends over 
life epochs in the distribution of outdoor activity days, 
except that more students reported "Don't remember" in the 
period before age 6. Exertion levels for outdoor activities 
during the academic year (question 40) varied over life 
epochs; there was a monotonic shift toward greater report-

ing of strenuous activities as the subjects aged. For example, 
although only 5 test subjects reported strenuous activity 
before 6 years of age, 27 subjects reported strenuous activity 
during the high school years. This same trend was seen in 
the data on summer activity levels (question 43). Whether 
these trends reflect real changes in activity levels over life 
epochs, or simply reflect differential recall, is not clear. 
Summer participation in outdoor physical activities (ques
tion 41) showed a similar distribution to that during the 
academic year, except that slightly more students reported 

Table 11. Numbers of Responses to Activity History Questions at Test and Retest Among 52 Yale University Freshmena 

Before Elementary Middle High 
Question Choices Age 6 School School School 

Academic Year (Sept -May) 
39. On average, how many days Never 4 1 3 0 4 1 4 3 

each week did you participate 1-2 days/week 12 8 8 4 6 7 6 11 
in outdoor physical activity? 3-4 days/week 6 15 16 16 18 22 20 18 

Most days 24 19 24 29 24 22 22 20 
Don't remember 6 9 1 3 0 0 0 0 

40. How would you describe the Light 14 10 10 1 9 5 6 8 
outdoor activities noted above Moderate 22 22 29 31 23 27 16 19 
in terms of physical exertion Strenuous 5 8 10 16 19 19 27 24 
(check all that apply). Don't remember 9 10 2 3 0 0 0 0 

Does not apply 2 2 1 1 1 1 3 1 

Summer (June- Aug) 
41. On average, how many days Never 2 0 1 0 1 0 2 3 

each week did you participate 1-2 days/week 7 3 7 3 7 5 13 8 
in outdoor physical activities? 3-4 days/week 8 13 11 14 14 19 12 19 

Most days 26 25 32 34 30 28 25 22 
Don't remember 9 11 1 1 0 0 0 0 

42. On a typical outdoor activity 1 hour or less 7 5 4 1 6 4 9 5 
day, how many hours did you 2-4 hours 21 23 28 30 28 32 25 30 
spend doing these activities? 5-8 hours 8 7 14 15 15 9 12 9 

More than 8 hours 2 3 3 3 2 5 5 6 
Don't remember 11 13 3 3 1 2 0 0 
Does not apply 3 1 0 0 0 0 1 2 

43. How would you describe the Light 13 10 10 3 8 3 8 3 
outdoor activities noted above Moderate 21 21 27 31 28 31 16 23 
in terms of physical exertion Strenuous 6 10 13 15 16 18 27 25 
(check all that apply). Don't remember 9 10 2 3 0 0 0 0 

Does not apply 3 1 0 0 0 0 1 1 

a For each life epoch, the left column gives the number ofresponses at the first test, and the right column the number of responses at the retest. All questions 
refer to the years before coming to Yale. 

93 



outdoor activity on "most days" during the summer season 
than during the academic year. The time per day spent 
outdoors during the summer (question 42) was most fre
quently reported as two to four hours, and did not appear 
to vary over life epochs. 

Examination of Figures 9-13 conveys a general impres
sion of consistency in the answer distributions between test 
and retest. However, an unexpected and apparently system-

25 ,---~B~ef~o~re~a~g~e-6 __________________________________ ~ 

w ,o+-----------~aH•·••r----------------------------~ 
-" 
~ r5+---~--------~aH·•·••r-----------------------------4 
z ro+-~~W~~---4~··•·•·~-----------=~r---------

~JII ~ll 
~n f rwlll ~ lll-----m--· n--..... -
Light Moderate Strenuous Don't remember Does not apply 

Elementary school 
40,---------~------------------------------------

Qj 
~ 30 +-----------~~"1------------------------------

~ ,o+---------~~~;HI •• /.~-------------------------
10 

30 

m 2s 
-" 
E 20 
::l 

z 15 

10 

30 

25 

a; 20 

-" 15 
~ z 10 

~1 
~I 

Light Moderate Strenuous Don't remember Does not apply 

Middle school 

??; 

~ 
;;; 

h ~ 
~ 

Light Moderate Strenuous Don't remember Does not apply 

High school 

li§}: < m ~ 
~ I _E1!1= 

Light Moderate Strenuous Don't remember Does not apply 

Figure 10. Typical outdoor physical activity levels during the nine-month 
academic year. Distribution of answers on test (hatched bars) and retest 
(stippled bars) for four life epochs. 
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atic trend away from the lowest category of activity dura
tion and intensity is evident in comparing test and retest 
results. The interpretation of this trend is unclear. 

Overall reliability was assessed using the simple and 
weighted kappa statistic. A kappa of 0 indicates no agree
ment beyond that which would be expected by chance 
alone. A kappa of 1.0 represents perfect agreement. Inter
mediate values represent varying levels of agreement above 
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Figure 11. Number of days per week spent in typical outdoor physical 
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(hatched bars) and retest (stippled bars) for four life epochs. 
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that due to chance. Landis and Koch (1977) consider values 

between 0.21 and 0.40 as fair, values between 0.41 and 0.60 

as moderate, and values between 0.61 and 0.80 as substan

tial agreement. Although the rationale for these designa

tions was somewhat arbitrary, they provide a framework for 

interpretation that has been used widely in previous stud

ies. Table 12 presents the kappa statistics associated with 
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Figure 12. Number of hours per day spent in typical outdoor physical 
activities during the three summer months. Distribution of answers on test 
(hatched bars) and retest (stippled bars) for four life epochs. 

20 activity history questions (five questions for each of four 

life epochs). Simple kappas ranged from 0.20 to 0.57. 

Weighted kappas ranged from 0.24 to 0.66. Most of the 

observed kappas fell in the range that Landis and Koch 

(1977) would characterize as fair to moderate agreement. 

There were no obvious trends in the kappa statistics over 

the four life epochs. 
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LONG-TERM EXPOSURE ESTIMATION 

Figure 14 is a map showing the places of residence for 
the 200 Yale University freshmen for whom we developed 
10-year ozone exposure estimates. Locations where more 
than one subject lived are indicated by multiple dots ex
tending horizontally to the right from the town of residence. 
It is interesting that the residential distribution of this sample 
qualitatively resembles the distribution of monitoring site 
locations (Figure 2). Figure 15 is a histogram of the 10-year 
average ozone exposure estimates obtained by the time-de-

Part III: Estimation of Lifetime Ozone Exposure (U.S. Sites) 

pendent estimation method (the picture for the time-inde
pendent method is not shown but was quite similar). Table 
13 shows summary statistics for the distributions of long
term exposures for the time-independent and time-depend
ent exposure methods. Other than a tendency for exposures 
from the time-dependent method to congregate more tightly 
in the center of the distribution, the two distributions do 
not differ greatly. 

Results of a nested random effects analysis of variance 
on the annual exposure estimates from the time-dependent 

Table 12. Percentage of Test and Retest Agreement and Kappa Statistics for Physical Activity Pattern 

Before Elementary Middle High 
Question Method Age 6 School School School Mean± SE 

Academic Year (Sept-May) 
39. On average, how many days % of agreement 61.5 61.5 59.6 65.4 62.0 ± 2.4 

each week did you participate Simple kappa 0.481 0.390 0.370 0.487 0.43 ± 0.06 in outdoor physical activities? Weighted kappa 0.571 0.401 0.406 0.582 0.49 ± 0.10 

40. How would you describe the % of agreement 59.6 51.9 65.4 73.1 62.5 ± 9.0 
outdoor activities noted above Simple kappa 0.439 0.201 0.442 0.572 0.41 ± 0.16 in terms of physical exertion? Weighted kappa 0.498 0.243 0.434 0.550 0.43 ± 0.13 

Summer (June-Aug) 
41. On average, how many days % of agreement 63.5 71.2 65.4 57.7 64.5 ± 5.6 

each week did you participate Simple kappa 0.458 0.457 0.399 0.370 0.42 ± 0.04 in outdoor physical activities? Weighted kappa 0.457 0.523 0.489 0.523 0.50 ± 0.03 

42. On a typical outdoor activity % of agreement 57.7 65.4 67.3 67.3 64.4 ± 4.6 day, how many hours did you Simple kappa 0.422 0.426 0.460 0.500 0.45 ± 0.04 spend doing these activities? Weighted kappa 0.520 0.434 0.569 0.565 0.52 ±0.06 

43. How would you describe the % of agreement 61.5 65.4 63.5 57.7 62.0 ± 3.3 outdoor activities noted above Simple kappa 0.475 0.428 0.352 0.301 0.39 ± 0.08 in terms of physical exertion? Weighted kappa 0.658 0.516 0.424 0.343 0.49 ± 0.14 

Mean (SE) % of agreement 60.8 63.1 64.2 64.2 
(2.2) (7.1) (2.9) (6.6) 

Simple kappa 0.46 0.38 0.40 0.45 
(0.03) (0.10) (0.05) (0.11) 

Weighted kappa 0.54 0.42 0.51 0.51 
(0.08) (0.11) (0.10) (0.10) 
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Figure 14. Map of the places of residence for the 200 Yale University freshmen for whom 10-year ozone exposure estimates were developed. In locations 

with multiple subjects. a series of dots extends horizontally to the right of the location. 
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Figure 15. Histogram of the 10-year average ozone exposure estimates 
obtained by the time-dependent method, based on annual, individual esti
mates. 

Table 13. Summary Statistics of the Distribution of 
Long-Term Individual Ozone Exposure Estimates 
(in ppb) Obtained by the Time-Independent and 
Time-Dependent Methods 

Mean 
SD 
Variance 
Maximum 
95th percentile 
75th percentile 
Median 
25th percentile 
Minimum 

Time-
Independent 

Method 
(n = 199) 

51.41 
12.47 

155.42 
111.07 
66.67 
56.68 
51.32 
45.11 
21.4 

Time-
Dependent 

Method 
(n = 196) 

52.73 
11.16 

124.53 
110.97 
72.12 
57.66 
51.83 
48.41 
22.38 
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method are displayed in Table 14. This analysis partitions 
the observed variance into two components, within-subject 
and between-subject. The between-subject variance (121.7 
ppb2) was approximately 2.4 times larger than the within
subject variance (50.1 ppb2

). For comparison, the interpo
lation error variance for the regression method (i.e., the 
square of the MAX8 residual SD displayed in Table 6) was 
46.2 ppb2

. 

QUALITY ASSURANCE 

To assess quality control methods in use at ozone moni
toring sites, we administered a questionnaire by telephone 
to agency personnel responsible for air monitoring at 60 
sites in 25 states across the United States. Data on four key 
variables are presented in Table 15. All but one site used 
state-of-the-art ultraviolet photometric instruments. The 

Table 14. Variance Components Analysis Examining the 
Between- and Within-Subject Variability in Individual 
Ozone Exposure Estimates (Time-Dependent Method) 
Based on a Nested Analysis of Variance 

Source 

Between subjects (space) 
Within subjects (time) 
Interpolation errora 

Variance 
(ppb2) 

121.7 
50.1 
46.2 

a Estimate based on square of SD of residuals by interpolation to the three 
nearest monitoring sites, using a regression-based model. 

Table 15. Summary of Responses to Questions About Key 
Quality Control Procedures at 60 Ozone Monitoring Sites 

Number of 
Variable Answer Sites(%) 

Monitor type UV photometer 59 (98) 
Ethylene gas 1 (2) 

Instrument audits Quarterly 28 (47) 
2/year 12 (20) 
1/year 20 (33) 

Inline filter changes Weekly 19 (32) 
Biweekly 37 (62) 
Monthly 4 (6) 

Calibration site Sample line 48 (80) 
Instrument 12 (80) 
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remaining site used the older, but accurate, ethylene gas 
method. Instrument audits by an outside agency occurred 
quarterly (the recommended frequency) at 28 sites, semian
nually at 12 sites, and only yearly at 20 sites. Filters were 
changed weekly at 19 sites, biweekly at 37 sites, and monthly 
at 4 sites. An in line filter becomes dirty if not changed every 
two weeks, and a dirty filter can serve as an ozone sink. At 
48 of the 60 sites, calibrations are routinely performed 
through the sample line and filter. At the remaining 12 sites, 
calibration gas was reported to be delivered directly to the 
instrument. The latter procedure may in some cases nega
tively bias subsequent ozone data. This may occur because 
ambient air must pass through the sample line and filter, 
where a portion of the ozone may react and be removed 
before measurement. This effect can be avoided by perform
ing calibrations through the sample line. These results 
suggest that appropriate quality control procedures were 
being followed at the majority of ozone monitoring sites, 
but compliance with recommended procedures was not 
complete in this sample. 

DISCUSSION 

The purpose of this study was to develop and evaluate 
methods that utilize nationwide ozone monitoring data to 
estimate long-term ozone exposures of people living in the 
United States. If the available data were sufficiently rich, 
spatial variations sufficiently smooth, and methods suffi
ciently convenient and reliable, then a new generation of 
epidemiologic studies with more precise, reliable, and 
powerful exposure measures would be made feasible. 

Whether or not humans experience adverse respiratory 
effects following long-term ozone exposures is one of the 
major remaining uncertainties regarding ozone health ef
fects. Long-term studies have demonstrated that adverse 
effects do occur in animals (Tyler et al. 1988). Human 
clinical studies have observed acute inflammatory changes 
in the lungs of young adults following brief ambient-level 
ozone exposures (Devlin et al. 1991). With repeated expo
sures over several days, indications of acute inflammation 
(such as neutrophil influx) diminish while evidence of 
ongoing cell damage remains (Folinsbee et al. 1994; Kinney 
et al. 1996). However, the long-term respiratory conse
quences of repeated inflammatory events, especially for the 
developing lung, are unknown. 

Past epidemiologic work addressing the respiratory ef
fects of long-term ozone exposures has been hampered by 
difficulties of exposure assessment. These difficulties have 
mainly involved the lack of feasible methods for obtaining 
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and combining the data necessary to derive reliable long

term exposure estimates. Exposure assignments have usually 

been limited in temporal and geographic scope. Exposure 

histories have seldom extended back over more than a small 

fraction of the full period of exposure likely to be relevant 

to chronic respiratory effects; most studies have in fact used 

only an annual average to represent the long-term exposure 

profile of a subject or study area. Because of limitations in 

the spatial extent of air monitoring in the past, most studies 

have been limited to those geographic areas with relatively 

extensive measurements or else have undertaken expen

sive, specialized monitoring in a small number of locations 

in support of the study. The advent of the AIRS data base 

in the 1980s, with its extensive, computerized air monitor

ing records, made a new generation of epidemiologic stud

ies possible. However, utilization of this resource has been 

hindered by the lack of methods for deriving from it esti

mates of population exposures. Barriers to fuller use of 

these data have included computational difficulties inher

ent with large data sets as well as the lack of a conceptual 

framework of, and straightforward methods for, translating. 

these monitoring data into space- and time-referenced ex

posure histories of individuals. The present study focused 

on developing tools that may overcome some of the above

mentioned problems. 

INTERPOLATION OF OZONE CONCENTRATIONS 

Errors associated with interpolation of long-term average 

ozone concentrations did not vary markedly across four 

nearness-based interpolation methods. Interpolation errors 

diminished as a function of the number of nearby sites used 

in the model, up to three sites, but then either increased, or 

diminished only slightly, as more sites were added to the 

model. For the country as a whole, the regression method 

slightly outperformed the others regardless of the number 

of nearest sites used. The results of this work suggest that 

interpolations of long-term average ozone concentrations 

between available U.S. monitoring sites using a simple 

regression on the three nearest sites yielded reasonably 

precise exposure estimates. For the MAX1 metric, an error 

SD of 7.9 ppb was observed, which amounted to 13% 

(coefficient of variation) of the overall mean concentration. 

Similar results were obtained for the other ozone metrics 

except for SUM06, which had a coefficient of variation of 

44%. Interpolation errors were largest for areas where con

centrations were highest, for example, in southern Califor

nia. Including covariates such as weather factors, population 

density, and elevation did not substantially improve the 

model fits. 

Interpolation methods for estimating values of a spatial 

variable at unmeasured locations are important tools in 

environmental research. Abbey and colleagues (1991b) ap

plied an inverse-distance-squared method to the three 

nearest sites to impute ozone concentrations at zip code 

centroids in a study of air pollution health effects in South

em California. A similar approach was used recently by 

Kiinzli and colleagues (1997) in a pilot study in a similar 

geographic area. Neither study reported estimation errors 

in a way comparable to our approach, nor did they compare 

the inverse-distance-squared method to other interpolation 

schemes. Abbey and coworkers (1991b) reported correla

tions ranging from 0.63 to 0.92 between estimated and 

observed two-year ozone means, depending on the ozone 

metric used. In our study, regression on the three nearest 

ozone monitoring sites yielded an R2 of 0. 7 4, corresponding 

to a correlation of 0.86. 

Kriging has been applied extensively for estimating long

term ozone exposures in agricultural impact studies (Le

fohn et al. 198 7); it was also applied in a recent study of 

spatial variations in ambient ozone concentrations in met

ropolitan Toronto (Liu and Rossini 1996). In the study by 

Lefohn and colleagues, kriging consistently underesti

mated actual ozone values at rural sites at the high end of 

the concentration distribution, and appeared to overesti

mate low values. In their Toronto study, Liu and Rossini 

developed a kriging model using continuous ozone data 

from a set of government-operated sites; the model was then 

used to predict ozone at a series of residential locations for 

which outdoor measurements were obtained using the pas

sive Koutrakis sampler (Koutrakis et al. 1993). Their kriging 

model consistently overestimated the measured ozone levels 

at the residences, which the authors interpreted as evidence 

that the government ozone monitoring sites were biased 

toward higher values. However, the extent to which the 

observed differences may have been due to the different 

methods used for sampling at the two types of sites is not 

clear. The authors reported that kriging performed better 

than a simple nearest-neighbor approach (that is, prediction 

of residential ozone concentration using the nearest fixed

site monitor). 

Wartenberg and coworkers (1991) presented results of a 

simulation study comparing three spatial methods applied 

to groundwater contamination and the effects of spatial 

interpolation errors on a hypothetical case-control study. 

The three estimation methods were nearest-neighbor, in

verse-distance-squared average, and ordinary kriging. The 

latter two methods yielded similar results, and both ap

peared to outperform the nearest neighbor method. Because 
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of its conceptual and computational simplicity, the inverse
distance-squared method was viewed as preferable to 
kriging by the authors. 

Las lett ( 1994) presented an empirical comparison of kriging 
and spline methods applied to several spatial data sets, 
finding that kriging always performed as well as or better 
than splines in terms of the mean squared error of predic
tion. To our knowledge, no one has previously used a 
simple regression-based approach to the spatial interpola
tion of air pollution data. In exploratory analyses in our 
study, a kriging approach appeared to outperform the re
gression method using data from California or from the 
three-state region NY /NJ /CT. Distance-based interpolation 
methods like kriging should be further investigated in fu
ture work. 

That interpolation errors were highest in southern Cali
fornia was not surprising. Sites in the South Coast Air Basin 
of California consistently yield the highest and most vari
able ozone concentrations in the nation. Mountainous ge
ography and prevailing west-to-east summer winds lead to 
large contrasts in concentrations across the basin. Our meth
ods were simple in that they identified relevant predictor 
sites solely on the basis of ranked distance from the index 
site. We did not incorporate information on geographic 
barriers between sites or on prevailing wind fields. Methods 
that incorporate such information (U.S. Environmental Pro
tection Agency 1977; Abbey et al. 1991b) may reduce esti
mation errors, at the expense of increases in model 
complexity and data base requirements. 

Our initial attempts to augment the simple ozone inter
polation methods with covariates did not substantially 
improve long-term ozone estimates. This was somewhat 
surprising. The covariates were population density, tempera
ture, wind speed, and relative humidity in the area surround
ing ozone sites, as well as site elevation. The dynamics of 
tropospheric ozone formation and destruction are well es
tablished (National Research Council1991; Finlayson-Pitts 
and Pitts 1993). Ozone forms via photochemical reactions 
involving nitrogen oxides (NOx) and reactive hydrocarbons 
(HC). Greater solar intensities and higher temperatures en
hance its production. Because motor vehicle and other 
anthropogenic combustion sources are important contribu
tors to NOx and HC emission densities, the spatial distribu
tion of these densities is expected to parallel that of 
population density. Given these ozone dynamics, it seems 
reasonable to expect that population density and me
teorologic conditions would relate to ambient ozone con
centrations. 

We found that, at least for simple linear predictions of 
long-term ozone averages, these covariates lacked explana
tory power once concentrations from nearby ozone sites 
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were taken into account. Similar results were reported in a 
study that augmented kriging-based ozone interpolation 
models with data on traffic density in metropolitan Toronto 
(Liu and Rossini 1996). It is worthnotingthatin our approach, 
covariates were added as independent linear predictors in 
a multiple regression. The influences of covariates may be 
nonlinear, or involve interactions with one another or with 
upwind ozone concentrations. For example, we know that 
ozone can react with NOx if excess NOx are present. As a 
result, ozone concentrations are often lower in urban cores 
than in outlying areas where NOx emission densities are 
lower. One approach would be to utilize wind rose esti
mates (i.e., the distribution of wind direction and wind 
speed) at site locations to weight the interpolations. An
other would be to use complex nonlinear approaches such 
as neural nets. 

ACTIVITY HISTORY QUESTIONS 

The temporal pattern of ambient ozone concentrations 
in the areas where people spend time is the basis of their 
exposure level. However, the impact of ambient concentra
tions on individual exposures and received doses depends 
on other factors such as local traffic density, local tree 
canopy density, the fractional penetration of ambient ozone 
into individual homes (influenced by ventilation factors 
such as air conditioner use), indoor decay rate (influenced 
by surface-to-volume ratio, indoor surface coverings, and 
indoor sources such as gas stoves), the fraction of time 
individuals spend outdoors, and individuals' levels of 
physical exertion (Contant et al. 1987; Weschler et al. 1989; 
Hayes 1991; Liu et al. 1993, 1995). Because of the impor
tance ofthese factors, it is possible that sedentary individu
als living in areas with high ambient ozone concentrations 
would receive lower long-term ozone doses than active 
individuals living in areas with moderate ambient concen
trations. An ideal estimator of individual ozone exposure 
(or dose) would take into account ambient concentrations 
as well as all the factors that modify individual exposure 
and dose. The value ofthis approach would lie in its power 
to assign accurately a range of individual exposure or dose 
estimates to study subjects. 

One objective of the present study was to address in a 
limited way the possibility that usable information on fac
tors that modify long-term dose can be obtained by admin
istering recall questionnaires to young adults. The work 
presented here focused on only two relevant factors: out
door activity times and intensities. We built on past work, 
especially that of Tager and colleagues (see Part II of this 
Research Report, and Kunzli et al. 1996), by developing a 
questionnaire that posed activity questions within four 
specific life periods, or epochs. Justifications for this par-
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ticular method oftime reference include the likelihood that 
young adults remember activity events within school ep
ochs, that participation in organized sports differs to some 
extent across school epochs, and that splitting exposure 

into a consistent set offour periods for all subjects facilitates 
testing of health effects hypotheses involving exposures at 
different ages and stages of lung development. 

When the test was administered two times approximately 

one month apart to a set of 52 Yale freshmen, a fair to moderate 

level of agreement between test and retest was observed in 

answers to the activity questions. The reliability coeffi

cients (kappa statistics) exhibited no obvious trends over 

life epochs. The relatively short time interval (one month) 

between test and retest may have introduced a positive bias 

in the reliability estimates if subjects were able to remember 

and reproduce their test responses. Overall, these results 

are somewhat disappointing. Whether retrospective ques

tionnaire data can be used effectively to modify individual 

exposure estimates in ways that reduce misclassification 

remains to be determined. Several important issues will 

need to be studied before more definitive conclusions can 

be drawn, including the relation between the reliability and 

the validity of these questions, a statistical assessment of 

what level of reliability is considered adequate, identifica

tion of the sources of error that limit reliability, and the 

possibility that reliability could be improved by consider

ing other aggregates of data. 

Reliability addresses only the consistency over time in 

the subject's answers to activity history questions, rather 

than the veracity or "validity" of the responses. The latter 

would require a "gold standard" against which the subject's 

answers could be compared. No gold standard is available 

for the activity questions we evaluated in this study. In 

particular, it is not clear that parental recollections of chil

dren's activity patterns would be more valid than those of 

the children themselves. If the activity history answers 

obtained in our study were valid, they should also be 

reliable (i.e., consistent) on repeated testing. Thus, good 

reliability is consistent with, but does not prove, validity. 

Kiinzli and coworkers reported results of a closely re

lated, but far more extensive study evaluating a retrospec

tive questionnaire given in a test-retest format to a group of 

175 freshmen at the University of California, Berkeley (see 

Part II of this Research Report, and Kiinzli et al. 1996). As 

noted above, their activity questions were residence-spe

cific rather than epoch-specific. In addition, their retest 

took place within five to seven days ofthe test, as compared 

with the one-month gap in our study. Further, in their 

reliability analysis, they often collapsed cells to yield di

chotomous outcomes for analysis. Although these factors 

limit the direct comparability of results, many of their 

results are relevant to the present discussion. For example, 

in examining data from subjects with multiple residences, 

they too observed no apparent trends in kappa statistics 

over time. Like us, they observed a higher prevalence of 

"Don't remember" on questions addressing levels of outdoor 

activities early in life as compared with later in life. Kiinzli 

and colleagues (1996, p. 309) concluded that "retrospective 

lifetime activity assessment is feasible and that our ques

tions have the same degree of reliability found for other 

measures that are often used in epidemiological research." 

LONG-TERM EXPOSURE ESTIMATION 

We applied the regression interpolation method, in con

junction with residential histories, to estimate retrospective 

10-year ozone exposure histories of 200 Yale freshmen. The 

algorithm we developed provides a relatively simple ap

proach for estimating long-term exposures in nationwide sam

ples of young people. Although our data base was limited to 

the years 1981 through 1990, this record could be extended 

fairly readily to more recent years (as well as to several 

previous years) so that lifelong exposure estimates could be 

computed for college-age cohorts. Analysis of the variance 

components showed that variations in exposures between 

subjects exceeded both variations within subjects (i.e., over 

time) and variations due to error by more than a factor of 2. 

STUDY LIMITATIONS 

By estimating long-term ozone concentrations at ozone 

monitoring sites and then comparing the estimated and 

observed values, we tested and compared interpolation 

methods. Our objective was to determine the quality of 

interpolations at residential locations of hypothetical study 

subjects. Our approach assumed that monitoring sites were 

representative of residence locations, in the sense that the 

errors of interpolation to monitoring sites were similar in 

magnitude to those that would occur at residences, if such 

data were available. We did not test the validity of this 

assumption; however, it seems reasonable in that most 

ozone monitoring sites are located in residential areas. 

Furthermore, the spatial density of monitoring sites seems 

to parallel that of population density and of the home 

residential locations of a sample of Yale students (Figures 

2 and 14). One way this issue could be evaluated would be 

to restrict the interpolation to only those sites that are 

labeled as being in residential areas. Standard errors of 

estimation could then be compared with the results ob

tained for the full set of sites. 

The regression method performed slightly better than the 

other interpolation methods we evaluated. However, the 
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regression model was fit using all1,112 sites, and then the 
residuals were used to assess estimation errors. The other 
interpolation methods were all based on local estimation; 
that is, only the nearest n sites were used to estimate ozone 
at the index site. A fairer way of evaluating the regression 
method would have been to fit the model1 ,112 separate times, 
excluding a different index site before fitting the model in each 
case. It also would be interesting to include and compare 
several other interpolation methods, such as locally fitted 
regression (for example, LOESS) and splines. 

Another limitation of the approach used to date is that it 
ignores the pattern of missing ozone data. Not all of the 
1,112 ozone sites used in the analysis were in operation for 
the full 10 years. In general, in any given year, fewer than 
700 sites were in operation. Further, we limited our atten
tion to summer ozone data. This seems justified given that 
maximal concentrations occur then. However, substantial 
exposures may occur during the spring and fall in some 
locales. Extending our analysis to other seasons would be 
difficult because ozone is often not monitored year-round. 
To address problems of missing data, the completeness of 
data at each site could be used as a weighting factor in the 
interpolation model. Alternatively, sites used in interpola
tion could be restricted to a subset that meets a complete
ness criterion. We intend to explore these methods in 
subsequent analyses. 

STUDY DESIGN lMPLICATIONS 

Considering our results as a whole on the spatial and, to 
a lesser extent, temporal distributions of nationwide ozone 
concentrations and exposures, what broad conclusions can 
be drawn about the adequacy ofthe available ozone data for 
long-term exposure estimation? In our view, the spatial 
density of monitoring in the United States appears to be 
generally adequate for this purpose. This conclusion has 
several bases. Examination of intersite differences in ozone 
concentrations (Figure 1) showed that spatial variations are 
not a strong function of the distances between pairs of 
nearest-neighbor sites. Furthermore, interpolation errors 
did not increase as a function of distance when the data 
were split into three subsets of increasing intersite distance. 
These initially counterintuitive results may be explainable 
by the fact that monitoring site density is correlated with 
ozone concentrations (and variations). That is, the monitor
ing network is denser in urban areas where ozone is high 
and variable (e.g., California's South Coast Air Basin) than 
in rural areas where levels are lower and less variable (e.g., 
the Great Plains). These results reinforce the adequacy of 
the spatial density of monitoring sites for capturing both 
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local and regional variations in outdoor concentrations. 
Further, where monitoring exists, temporal coverage is 
extensive (i.e., providing continuous hourly values) during 
at least the season of highest ozone concentrations, and 
often for the entire year. 

Our analysis of spatial and temporal variations in indi
vidual long-term exposure estimates extends these conclu
sions further. In a group of 200 Yale freshmen, retrospectively 
estimated 10-year exposure histories exhibited between
subject variation that was over twofold higher than both the 
within-subject (temporal) and error variations. These re
sults imply that between-subject variations (driven mainly 
by spatial variations in ambient levels) are measurable 
using the methods we have developed. 

Given the observed level of spatial variation in long-term 
ozone concentrations across the United States in this study, it 
is possible to compute the sample size that would be required 
to detect, with 80% probability, an effect on human lung 
function of a given magnitude in a hypothetical nationwide 
epidemiologic study. This exercise was carried out for 
forced expiratory flow between 25% and 75% of forced 
vital capacity (FEFz5%-75%) using data reported by Kiinzli 
and coworkers (1997). The slope relating FEFz5%-75% to 
long-term ozone exposure in that study was -0.021 L/sec/ppb. 
The residual SD of hmg function was taken as the average of 
the male and female values reported in the study (0.985 
Lisee). The variance of long-term ozone concentrations was 
taken as 173 ppb2

, which was the variance of interpolated 
MAX1 ozone in our study. 

Given these assumptions, the sample size necessary to 
detect an effect oflong-term ozone exposure on FEFz5%-75% 
is 99. That is, if 99 people were chosen at random from the 
national distribution of long-term ozone exposure concen
trations, there would be an 80% chance of detecting a 
statistically significant effect of ozone on FEFz5%-75%. This 
number should be viewed as a rough preliminary estimate 
because it depends on the validity of the assumptions and 
input values we have used. For example, we have assumed 
that the spatial variance in ozone concentrations across 
monitoring sites is representative of the variance in expo
sure levels across people enrolled in a hypothetical 
epidemiologic study. We have also assumed that the point 
estimate for lung function effects reported by Kiinzli and 
coworkers (1997) represents the true effect size. Also note 
that our analysis does not incorporate exposure or dose 
modifiers (e.g., activity patterns and levels), which have the 
potential to further disaggregate individual exposures (in
creasing the variance of ozone exposure) and reduce sam
ple-size requirements. 
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CONCLUSIONS AND SUGGESTED AREAS FOR 
FUTURE RESEARCH 

Several conclusions can be drawn from our study: 

1. The spatial density of available ozone monitoring ap

pears to have been adequate to capture the bulk of the 

local and regional spatial variations in long-term ozone 

concentrations across the United States during the period 

1981 through 1990. 

2. Although further refinements are possible, simple in

terpolation methods yield good estimates of long-term 

ozone concentrations throughout the country. A sim

ple regression-based interpolation on the three nearest 

sites produced consistently good results. This implies 

that exposure assessment should not be viewed as an 

obstacle to nationwide cross-sectional epidemiologic 

studies addressing the respiratory effects of long-term 

ozone exposures in young adults. Indeed, the AIRS 

data base is an outstanding resource for lifetime expo

sure assessment in this age group. 

3. Factors that modify subjects' individual exposures and 

doses (for example, outdoor activity time periods and 

levels) were assessed with fair to moderate reliability 

using activity history questions in a health study ques

tionnaire administered to Yale freshmen. The feasibility 

of using this information to refine individual exposure or 

dose estimates remains to be determined. 

Further work is warranted in the following areas: 

1. Refinements of the interpolation models should be 

explored. Locally weighted regression (for example, 

LOESS) and splines are two approaches that should be 

evaluated. Also, more complex strategies for modeling 

the influence of increasingly available covariates may 

result in smaller interpolation errors. Distance-based 

interpolation methods such as kriging should be inves

tigated further. 

2. Methodologic work is needed to determine optimal 

strategies for incorporating data on individual activi

ties and residence characteristics into long-term expo

sure or dose estimates. 

3. The interpolation methods developed in the present 

study should be extended to the estimation of long

term inhalable particle concentrations. This is feasible 

at present for particulate matter less than 10 ~m in 

diameter (PM1ol. for which extensive monitoring data 

exist starting in 1988. In several years, the methods 

could be further extended to particulate matter less 

than 2.5 ~m in diameter (PMz.sl. once data begin to 

accumulate following the establishment of a National 

Ambient Air Quality Standard for PMz.s) in 1998. 
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APPENDIX A. QUESTIONNAIRE 

Sun'ey 1997 IDNJ) 

YALE /COLUMBIA RESPIRATORY HEALTH STUDY 
SURVEY QUESTIONNAIRE 

SPRING 1997 

Thank you for your willingness to part1cipate in this study. Your cooperation is very important to 
thesuccessofthestudy. 

This is a question_naire you are asked to fill out. Please answer the questions as completely and 
accurately as poSS!ble. All the information obtained in the study will be kept confidential and 

used for r~eareh purposes only by the study tenm. The title page with your name on it will be 

removed from the rest of the questionnaire in order to en5ur-e (Onfidentiality. Yale University 
will not have access to individual data from this study. . 

The questions can be answered by checking the best onswer or by filling in a blank. with a number 
ora word. 

If you need as~tstanc_e m answering a questio_n. please put a check m front of the question. The study 
coordmator wot! asstst you with these questtons when you have completed the questiOnnaire 

!.NAME: 
(First Middtelnihat La~t) 

2. LOCAL TELEPHONE:-------

3. E-MAIL ADDRESS: 

4. TODAY'S DATE: 
(Month/Day/Year) 

5. DATE OF DIRTH: 
(Month/DayiY~or) 

TO BE COMPLETED BY STAFF: 
Questionnaire reviewed by: _____ Date: ____ _ 

Height: Inches 
Has the subject had a chest cold m the past 7 days'? Yes _No 

If Y cs how manv davs Since lost S\ mptoms were expenenced? Days 

Survey 1997 ID#l_! 

RESPIRATORY HEAlTH HISTORY 

These questions are concerned with your respiratory health. Please answer yes or no if 

applicable 

6.A Do you usually have a cough? (exclude dearing of throat) _Yes~No 

IF YES 

YES NO 

7.A Do you usu:~lly bring up phlegm from your chest? _Yc~ No 

IF YES 

• YES NO 

Docs your chest ever sound wheezy or whistling: 

YES NO 

I 8.A I When you have a cold" 

iss I OccllSJOnallyapartfromcolds? 

is.c IMostdaysormghts'~ 

Survey 1997 ID#l_l 

9 A Have you ever had an attack of wheezing that m:ldeyou feel short of breath? 

_Yes_No 
IF YES 

10 A Have you ever been diagnosed by a physician as having asthma? 

IF YES 

!O.B 

I 0 C Have you had any asthma ~ymptoms dunng the past 
!2months"7 

!0 D Have you taken any prescriptionoroverthecounter 
medication for asthma during the past 12 months? 

10 E Have you ever been hospitali;::ed for asthma? 

~Yes~No 

Ycarsold 

YES NO 

II. If you get a cold dnes it .!!Mffi.l_!y go to your chest? (Usually means more than half 

the time). 
~Yes~No 

12. During the past three years, have you had any chest illnesses that have kept you 

indoors at home or in bed? 
_Yes~No 

Survey 1997 ID#'JJ 

For each of the following diseases please tell us if you ever had the disease, if it was 

confirmed by a doctor, and the age at which you first had il. 

(A) (B) (C) 
CONFIRMED AGE YOU 

DISEASE HAD DISEASE? BY DOCTOR? FIRST HAD 

13 Bronchitis Ye~ No Yes No Yrso!d 
~-

14 Pneumonta y" No y" No Yrsold 

15 Hay Fever y" No Yes No Yrsold 

16 Allergies Yes No Yes No Yrsold 

17 Smustroublc Yes No Ye~ No Yrsold -

18 Pleun~) Yes No y" No Yrsold 

19 Other chest 
lllnesscs Yc~ No Yes No Yrsold 

20 Chcstopcratwns Yes No y" No Yrsold 

21 Chest mJunc~ Yes No y" No Yrsold 
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Survey 1997 ID#~/ 

R£SIO£NTIAJ HISTORY 

22 Have you ~pent one or more continuous years living outside the United States? 
_Ycs_No 

23. List :~II the towns/cities you have lived in for at least one year prior to coming to 
Yale, starting from the most recent town/city. Count only those places you would 
normally call home (e.g., not counting boarding schools or Yale). Please indicate 
whether your neighborhood was urban, suburban or rural by circling the 
appropriate term for each residence. 

Town/City State Zip 

A(mostrcccnt) 

D 

G 

Survey 1997 

Suburban 

Urban 
Suburban 

Suburban 
Rural 

Suburban 
Rural 

Suburban 

Suburban 

Dates of Residence 

_I_ 

~~- -'-

_!_To_/_ 

~'-To_/_ 

_!_To_/_ 

_, _ _ !_ 

I To_/_ 

ID#l.J 

The following section asks questions about the homes you lived for the J..hrll most recent 
towns/cities (A, B, and C) listed in the above table. If you lived in more than one home in 
the same town/city, choose the home you lived in the longest. Be as complete as possible, 
but do not guess Usc check marks to indicate your answers ,--------, 

Town/City 

c 
24 Whattypcofhcatingsystem Stcamorhotwalcr f----+--+----1 

was used in Ibis home? Forccdhotuir f----+--+----1 
(check all that apply). Elcclnc buscbOJrd t--:===t==t==~ 

Gd>Orkcroscnchcutcr ~ 

25 A Wasanairconditioncruscdto 
coolthishomeinthesummcr 
months? 

IF YES, :m~wcr 15.B and 25.(" 

Whtchrnomswcrc<~Jr 

conditwncd"'(Chcckall 
that apply) 

\Hl~ the<Jtf 
cond•tlOner u~ed'' 

26 Wasallinllowfanoratticfan 
u~cdtocoolthishomeinstlmmer·: 

27 A \Vcre thcreanydo~s, cats, other 
furry pets, or hirll~ Jiving in th1s 
home'! 

IF YES 

13 lhl\\ WO.Il) ~uch pets'' 

2X \\'a~ a gas ~tovc, or a gas oven 
u~cd for cooking in thi~ house'? 

Other 

D<ln"l remember t::=:t==:t:==1 

Jamlly/Livmgroom ~=:t==t==~ 
Olhcr t==t:=::1===1 Don't remember 

nc · 
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Survey 1997 ID#l_! --~-

29.A Have you ever smoked cigarettes? {No means less than 5 packs of cigarettes 
in your lifetime or less than I cigarette per day for 6 months). 

_Yes_No 

IFn:s 

• 29 B 

29C 

NO 

29 D Do you nowsmokccJgJ.rene~'l 

30 Have you smoked atlcast20c•garsmyourentirelife? _Ycs_No 

31 Have you ever smoked at \cast 20 pipefuls of tobacco in your entire life? 

_Yes_No 

32. Have you ever regularly used other smoking products? _Ycs_No 

Survey !997 ID#l/ __ _ 

33 Did anybody smoke rc_gularly in your home while you were growing up? 

_Yes_No 
IF YES 

• Complete the following table· 

!lldlh1Spcrsoo,moktm)Our Numb<rof<og>«H<>prrdaylio.,pcnon Yourag<wbcnlh.,pmon 
homo? ;mokcoJ '")our hom< •mo~cdo" your hom< 

34.Mother 

35. Father 

J6.0thcrs 

37 A In the past 6 months, have you regularly been exposed to cigarette, pipe, or cigar 
smoke during social or recreational activities? 

Yes_No 

IFYF..S 

• 
37.8 On average. how many hours per week have you been cxpo~cd to smoke'! 

____ Hours per week 
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Survey 1997 ID#3_/ 

SCHOOlS ATTF.NDED OUTSIDE YOUR HOMF. COMMUNITY 

38 Prior to coming to Yale, did you ever attend school in a loc:~tion that was more than 

25 miles away from your home community? 
_Ycs_No 

IF YES 

Complete the following table. 

List the locations where you attended school more than 25 miles away from your home 

community. Do not include Y·1lc. Circle the type of school in each case. 

DATES_OF ATTENDANCE 

__}_ 

I~ . ., ..... ,., ................ ., , . ., __}_ 

Survey 1997 ID#3_/ 

OUTDOOR PHYSICAl ACTIVITY H.L5TilRY 

The following block refers to your typical outdoor physical activities during the 9 month academic 

year (i.e., September through May) in the years prior to coming to Yale 

Before 
Agc6 

High 
Scl10ol 

39 On:.vcrage,howmanydays 

each week did you participate in 1-2 days/wee~ f----j---j----j-----1 
outdoor physical activities? 3-4dayslwcck f----j---j----j-----1 

Mo;tdays 1--+--/-----j-----j 
Don't remember 

40. How would you describe the L1ght 1--+--/-----j-----j 
outdoor activities noted above Modemtc f----j---j----j-----1 
in terms ofphy~ical c~crtion? 
(checkallthatapply).See 
example~ li~ted below. 

You may usc the followmg l"t ns a gmdc for ans,.,cnog qucshons 40 and 43. 

The foiiO\~ing block rcfen to your typical outdoor physical activities during the 3 summer months 

(i.e., June through 4ugu~t) 

llcfore Middle High 

Agc6 School School 

41 On average, hnw m:my days 
each week did you participate in ''"'' 
outdoor physical activtties'! "l-4duy\IWCCk 

Mo;tda;> 

42. On a typical outdoor activity 
day,howmanyhoursdid)OU 
~pend doing these acthitie~? 

Morcthan81ns 

43 How would you de~cribc the l.o:;ht 

outdoor activities noted abo\C 
intcrmsofph}sicalexertion'! 
(check all that apply). Sec Don't remember 
examples listed above. 

Survey 1997 

MISCELLANEOUS INFORMATION 

44 Sex: _Male Female 

45 What ethnic /racial group would you consider yourself to be? 

46 

_ Wh1te, not ofHisparuc ongin 
_B~ack, not of Hispanic origtn 

thspamc 
-Asian 

NatJveAmencan 
_Other 

(l'leasespccify) 

Whatisthchighcstlcvclofcducationachicvcdbyyourfathcr: 

47 Whatisthchighestlcvclofeducation::tchicvcdbyyourmothcr: 

lD#l./ 

IfyouhavcanyrcmD.Iksorsuggcsttons 

ABOUT THE AUTHORS 

Patrick L. Kinney received his doctorate in environmental 

science and physiology at the Harvard School of Public 

Health in 1986. His thesis work involved analysis of data 

from the Harvard Six Cities Study addressing the acute 

pulmonary effects of ozone. Dr. Kinney initiated the work 

described in this report at New York University's Institute 

of Environmental Medicine. There, and more recently at the 

Columbia School of Public Health, he has carried out 

epidemiologic studies addressing the human health effects 

of air pollution. 

Maneesha Aggarwal received a master's degree in environ

mental sciences and a Ph.D. in air pollution from J awaharlal 

Nehru University, New Delhi, India. She is currently work

ing as a Post Doctoral Research Scientist at the Division of 

Environmental Health Science, Columbia University. Her 

interests are in air pollution modeling, exposure analysis, 

and air pollution epidemiology. 

Sergey V. Nikiforov received his master's degree in chemi

cal physics from Moscow State University. He is currently 

a doctoral candidate in Environmental Health Sciences at 

the Columbia School of Public Health. 

Arthur Nadas received his Ph.D. in mathematical statistics 

at Columbia University. For many years, he worked in 

statistical software development at IBM Corporation, in

cluding work on speech pattern recognition. Dr. Nadas 

currently works in biostatistics on the faculty at the New 

York University Institute of Environmental Medicine. 

107 



PUBLICATIONS RESULTING FROM 
THIS RESEARCH 

Nikiforov SV, Aggarwal M, Nadas A, Kinney PL. 1998. 
Methods for spatial interpolation of ozone concentrations. 
J Expos Anal Environ Epidemiol (in press). 

ABBREVIATIONS 

AIRS Aerometric Information and 
Retrieval System 

FEFz5%-75% forced expiratory flow between 25% 
and 75% of forced vital capacity 
hydrocarbon 
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HC 

IQD 

LOESS 

interquartile distance 
locally weighted smoothing 
scatterplots (regression) 
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MAX1 

MAX8 

MID8 

MID12 

NOx 

ppb 

PMz.5 

Rz 

SD 

SUM06 

daily one-hour maximum ozone 
concentration 

daily eight-hour maximum ozone 
concentration 

average ozone concentration between 
10 a.m. and 6 p.m. 
average ozone concentration between 
10 a.m. and 10 p.m. 
oxides of nitrogen 
parts per billion 

particulate matter less than 2.5 11m 
in diameter 

particulate matter less than 10 11m 
in diameter 

multiple correlation coefficient squared 
standard deviation 
sum of all hourly ozone concentrations 
greater than 60 ppb 



CO~ENTARY l£[ ----------
Health Review Committee 

INTRODUCTION 

Ozone, an oxidant gas, is a major component of air pollu
tion. Because ozone causes adverse effects on the respiratory 
system, the U.S. Environmental Protection Agency (EPA)* 
established a National Ambient Air Quality Standard 
(NAAQS) for ozone that, until recently, was 0.12 parts per 
million (ppm), a level not to be exceeded for more than one 
hour once per year (Federal Register 1971). On the basis of 
recent scientific evidence that multihour exposure to lower 
levels of ozone may be harmful (reviewed in U.S. Environ
mental Protection Agency 1996a), the EPA changed the 
level and the form of the standard to 0.08 ppm measured 
over 8 hours, with four exceedances in three years allowed 
before an area is deemed out of compliance (Federal Regis
ter 1997). 

Although there is an extensive literature on the effects of 
short-term exposure to ozone on the respiratory system, 
information on the health effects of long-term exposure is 
limited. Some animal studies and epidemiologic studies (dis
cussed in more detail in the Scientific Background section, 
below) suggest that prolonged or repeated exposures to 
ozone may have deleterious effects. Studies addressing this 
issue, however, are technically challenging for several rea
sons. First, a nationwide system for measuring ambient 
ozone concentrations has been in existence only since 1975; 
second, actual personal exposures to ozone may differ 
substantially from ambient levels, leading to potential bias 
due to measurement error; third, both error and time vari
ability affect measures of pulmonary function, especially of 
the small airways, which are thought to be primary ozone 
targets; and finally, exposure to other pollutants, including 
cigarette smoke. may confound ozone effects. Therefore, 
the development of improved methods to estimate human 
lifetime exposure to ozone and the impact of such expo
sures on health outcomes is critical. 

In 1991, the Health Effects Institute organized the Envi
ronmental Epidemiology Planning Project to identify gaps 
in knowledge of the health effects of air pollutants such as 
ozone. Leading scientists identified several areas for further 
study, such as the development of accurate tools for assess-

*A list of abbreviations appears at the end of each Investigators' Report for 
your reference. 

This document has not been reviewed by public or private party institutions, 
including those that support the Health Effects Institute; therefore, it may not 
reflect the views of these parties, and no endorsements by them should be 
inferred. 
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ing prolonged exposure to ozone in retrospective studies, 
including physiologic and biological markers to estimate 
the effects of such exposure (Health Effects Institute 1994). 
To complement the work ofthe Environmental Epidemiol
ogy Planning Project, HEI issued Request for Applications 
(RFA) 91-1, "Epidemiologic Studies of the Health Effects of 
Long-Term Ozone Exposure." A major goal of this RFA was 
to support the development of both methods for ozone 
exposure assessment and functional markers to measure its 
long-term effects. 

The independent applications from Drs. Tager and Kin
ney and their associates were two of the six studies funded 
under RF A 91-1 by the HEI. t HEI funded both investigators 
to develop and refine methods for retrospectively estimat
ing exposure to ozone. The objective of Dr. Tager's study, 
"Feasibility Study for Chronic Ozone Respiratory Effects," 
was to develop a new method for estimating a person's 
lifetime exposure to ozone and to construct a model of 
personal ozone exposure. As part of their research plan, 
Tager and colleagues also wanted to identify a reliable test 
of pulmonary function, especially small airway function, 
with a reasonable level of precision across a wide range of 
subjects. The investigators planned to apply this pulmonary 
function testing at a later date in large-scale epidemiologic 
studies of ozone effects. In their application, "Retrospective 
Characterization of Ozone Exposure," Dr. Kinney and col
leagues proposed to evaluate whether the data from existing 
U.S. monitoring stations could be used to assess lifetime 
exposure to ozone. In addition, Dr. Kinney proposed to 
develop and test a questionnaire about the subjects' physi
cal activity patterns at different stages of their lives. 

Because of the similar objectives of these two studies, 
HEI encouraged Dr. Tager and Dr. Kinney to communicate 
with each other during the course of their studies. The 
common goals and approaches taken by Drs. Tager and 
Kinney also provided the HEI Review Committee with the 
opportunity to evaluate and compare the interpretations 

t Dr. Tager's study was funded with a budget of $199,441 and began in 
September 1993. Dr. Tager submitted his Final Report in two parts: "A 
Study of the Variability of Volumes and Flows from Maximum Expiratory 
Flow-Volume Curves and the Slope of Phase III from the Single Breath 
Nitrogen Washout Curve," and "A Pilot Study to Assess the Reliability of 
Estimates of Lifetime Exposure to Ambient Ozone Derived from Question
naires and Ambient Monitoring Data," which were received at HE! on 
September 19, 1995, and November 15, 1995, respectively. Revised reports 
were accepted on October 30, 1996. Dr. Kinney's study was funded with a 
budget of $230,646. The study began in November 1993 and was completed 
in October 1995. Dr. Kinney submitted a draft report for review in October 
1996. A revised report was accepted on June 30, 1997. 

109 



~----------IE[ Commentary 

and conclusions of the two studies in a single Commentary. 
During review of the two studies, the HEI Review Commit
tee and the investigators exchanged comments and clarified 
issues in the Investigators' Reports and in the HEI Review 
Committee's Commentary. This Commentary is intended to 
aid HEI sponsors and the public by highlighting the 
strengths ofthese studies, pointing out alternative interpre
tations, and pladng the reports into scientific perspective. 

SCIENTIFIC BACKGROUND 

A broad range of studies in both animals and humans 
suggest that exposure to ozone can lead to changes in 
function and physiology in all parts of the airways (re
viewed in U.S. Environmental Protection Agency 1996b). 
These studies indicate that the effects of ozone are depend
ent not only on concentration, but also on the duration and 
pattern of exposure. Because ozone is primarily an outdoor 
pollutant with characteristic seasonal and daily peak lev
els, people who spend substantial time outdoors in vigor
ous activity, such as children playing and adults working 
or exercising, are particularly susceptible to its effects. The 
increases in breathing frequency and volume of air taken in 
during exertion are thought to heighten the doses of ozone 
that reach the airways. 

Short-term exposure to ozone is frequently associated 
with reversible clinical symptoms such as cough, shortness 
of breath, and bronchoconstriction (reviewed in U.S. Envi
ronmental Protection Agency 1996b). Elevated ambient lev
els of ozone have also been associated with increased 
emergency department visits and hospital admissions for 
respiratory problems (U.S. Environmental Protection Agency 
1996b), and in some studies, with increased mortality (Kin
ney and Ozkaynak 1991). However, because ambient ozone 
levels rise and fall in partial correlation with other pollut
ants, it is not clear whether the association between the latter 
health outcomes and ozone is one of cause and effect. 

In some people, inhaled ozone alters measures of pulmo
nary function, including a decrease in forced expiratory 
volume in one second (FEV1l and forced vital capacity 
(FVC). Decrements in FEV 1 are believed to reflect ozone-in
duced changes in the function of both the large and small 
airways (Gong et al. 1986; Hazucha 1987; Folinsbee et al. 1988; 
U.S. Environmental Protection Agency 1996b). Within the 
lungs of animals exposed to ozone, the primary sites of 
tissue damage are the small airways, specifically the termi
nal bronchioles and the gas-exchanging centriacinar region. 
Models also predict that in humans these areas ofthe small 
airways are subject to the highest levels of ozone (Boorman 
et al. 1980; Fujinaka et al. 1985; Miller et al. 1985; Overton 
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and Graham 1989). In addition, some studies have shown 
decreases in measures of small airway function, such as 
forced midexpiratory flow (FEFzs%-75%, a measure of air
flow), following acute exposure of humans to ozone (Keefe 
et al. 1991; Weinmann et al. 1995). In clinical studies, many 
individuals who are exposed to ozone for periods up to a 
few hours exhibit a rapidly induced inflammatory response 
in the airways (as evidenced by the appearance of markers 
of inflammation in the bronchiolar lavage fluid), which 
resolves after approximately 24 hours ifthe exposure is not 
repeated (U.S. Environmental Protection Agency 1996b). 
Inflammation does not appear to correlate with ozone-in
duced changes in FEV1 and FVC (Koren et al. 1989; Balmes 
et al. 1996, 1997; Frampton et al. 1997; Torres et al. 1997). 

Most of the field studies and controlled chamber studies 
on ozone pollution provide information on acute respira
tory effects. Such studies do not, however, provide infor
mation about the consequences of prolonged exposure, nor 
do they address whether ozone exposure causes or exacer
bates lung diseases such as pulmonary fibrosis, emphysema, 
asthma, or chronic bronchitis. Most of the information on 
long-term effects of ozone exposure comes from animal 
studies in which investigators can control experimental 
variables. For example, prolonged exposure to ozone causes 
mild to moderate structural changes and an increase in 
collagen in the centriacinar region of the lung of healthy 
rats (Chang et al. 1992, 1995; Last et al. 1994; Catalano et al. 
1995; Pinkerton et al. 1995). In rats, these changes appear 
to have had little or no measurable impact on pulmonary 
function, with the exception of a small decrease in residual 
volume (Harkema and Mauderly 1994; Catalano et al. 1995; 
Costa et al. 1995). 

The physiologic or clinical consequences of long-term 
exposure to low or moderate levels of ozone have been 
addressed in a limited number of epidemiologic studies. 
These studies have been difficult to evaluate for several 
reasons: (1) problems with estimating personal exposure 
over many years; (2) the use in population studies of spi
rometric tests of respiratory function, which are relatively 
straightforward but may not be sensitive indicators of ozone 
effects; (3) high within- and between-individual variability 
in tests of small airway function, which may be more 
sensitive to ozone; (4) difficulty in controlling for con
founding factors, such as ambient particulate matter, that 
may correlate with ozone levels. 

A study of Seventh Day Adventists who had lived in the 
same region of California for more than 10 years (the Ad
ventist Health Smog Study), one of the most comprehensive 
of these epidemiologic studies, examined the effects of 
pollutants on a number of clinical endpoints (Abbey et al. 
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1991a). The estimate of personal exposure to ozone was 
based on interpolations from existing ozone monitoring 
sites, with adjustments for time the subject spent indoors 
and outdoors (Abbey et al. 1991b). However, the investiga
tors did not test the subjects' pulmonary function. The 
study showed a weak association between ozone exposure 
and the incidence and severity of asthma, but this associa
tion was reduced to insignificant levels when measures of 
particulate matter were included in the model. The inves
tigators found no association between ozone exposure and 

respiratory symptoms. In a later study, these investigators 
found that ozone was associated with a slightly increased 
risk of asthma (Abbey et al. 1993). Again, however, it was 
not clear whether this result was due to ozone alone, be
cause of the difficulties in partitioning the effects of ozone 
vis-a-vis particulate matter. 

In a prospective cohort study, Detels and associates 
(1987) examined lung function in residents of two Califor
nia communities with different levels of ozone. The inves
tigators did not attempt to estimate personal exposure, but 
assigned study subjects to "high" or "low" ozone exposure 
categories. Detels and associates found that subjects who 
had been most heavily exposed to oxidant pollution had 
decreased FEV 1 and ~z (a parameter of small airway 
function) at the beginning of the study and an accelerated 
decline of lung function over time. The impact of this study 
was limited, however, by loss to follow-up, as only approxi
mately 50% of the original subjects were retested. In addi
tion, the investigators could not control adequately for 
other pollutant differences between the communities. In a 
later study comparing two different California communi
ties with differing combinations of ozone and other pollut
ants, L'.Nz and most spirometric measures were significantly 
worse in the subjects from the high-pollution community 
(Detels et al. 1991). However, extensive loss to follow-up, 
imprecise ozone exposure characterization, and metho
dologic differences in measuring lung function parameters 
in the two communities have added to the difficulty of 
interpreting these data. 

Other investigators have suggested that prolonged expo

sure to high levels of ozone decreases some parameters of 

lung function and may affect clinical endpoints (for exam

ple, see Schmitzberger et al. 1993; Stern et al. 1994), but 

these epidemiologic studies suffer from many of the prob

lems of those previously described, particularly the inabil

ity to distinguish the effects of ozone from other pollutants, 

and the difficulty in assessing individual exposure. Thus, 

taken together, these epidemiologic studies suggest that 

long-term human exposure to ozone may cause chronic 

changes in airway physiology and function, but do not 

provide definitive results. 

Critical issues remain in determining the long-term ef
fects of ozone exposure in humans. Because ofthe reported 
variability in measures of small airway function, both from 
person to person and from test to test (for example, see 
Cochrane et al. 197 7; Vollmer et al. 1990), finding a reliable 
test for measuring the effects of ozone on small airway 
function is highly desirable. In addition, accurate estima

tion of individual levels of exposure-past and present-is 
crucial. A network of ozone monitoring sites is in place 
across the United States, but it is not clear how the infor

mation from fixed outdoor monitoring sites can best be used 
to estimate personal exposure, or what level of accuracy can 
be attained; for example, the level of ozone may vary with 
distance from its source, the ozone level measured at a 
monitoring site may not reflect ambient exposures away 
from the monitoring site, and people may spend most of 
their time indoors. Exposure to ozone is generally lower 
indoors than outdoors, but individual exposure is also 
modified by the type of residence. Indoor exposure can be 
significant, as a consequence of using appliances such as 
electronic air cleaners, the longer times that most individu
als spend indoors, and air exchange between outdoors and 
indoors (Contant etal. 1987; Hayes 1991; Wechsleret al. 1989). 
Finally, individuals' activity patterns, particularly during 
their time outdoors, will modify their exposure to ozone. 

HEI funded the investigations by Drs. Tager and Kinney 
to address these issues. To improve estimates of individual 
exposure to ozone, Tager and Kinney developed new ap
proaches for retrospectively estimating cumulative ozone 
exposure. Both investigators developed and administered 
a questionnaire to young adults attending college, focusing 
on factors they deemed crucial in determining individual 
ozone exposure patterns. In addition, Kinney assessed the 
accuracy with which different types of models determined 
exposure to ozone at a given point. Tager also investigated 
tests oflung function to determine which would be the most 
appropriate ones to use in larger studies. These studies are 
discussed in detail in the subsequent sections. Key features 
of the two studies are illustrated in Table 1. 

TECHNICAL EVALUATION OF 
DR. TAGER'S REPORTS 

OBJECTIVES 

Dr. Tager's overall objective was to develop methods to 
be used in future epidemiologic studies to determine the 
relation between long-term exposure to ambient ozone and 
alterations in measures of small airway function. Studying 
students attending the University of California at Berkeley 
(UCB) offered an opportunity to evaluate adolescents and 
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young adults who could provide data relevant to the esti
mation of ozone exposure over their lifetimes. In addition, 
this population provided an opportunity to study young 
adults who had lived their entire lives in either of two 
regions with different levels of air pollutants: the Los An
geles Basin or the San Francisco Bay Area. The eligibility 
criteria for inclusion in the study were ( 1) age 16 to 20 years, 
(2) being a lifelong nonsmoker, (3) having no history of 
asthma (modified to no treatment or symptoms of asthma 
in the teen years), and (4) lifelong residence in the Los 
Angeles Basin or San Francisco Bay Area. 

Tager and coworkers divided their study into two parts. 
In Part I, to identify the most reliable test of small airway 
physiology, they administered lung function tests to a 
group of UCB students on two different occasions. They 
determined the variability of results between test sessions 
1 and 2 for any one individual (within-subject variability), 
and the variability between subjects on any given test 
(between-subject variability). In Part II, the investigators 
developed a questionnaire to use in conjunction with his
torical ozone measurements at ambient monitoring sites to 

make retrospective assessments of individual ozone expo
sure. Although not part of their original aims, the investi
gators also conducted a preliminary investigation to evaluate 
lung function in students who had grown up in either high
or low-ozone environments. 

PART I. PULMONARY FUNCTION TESTS 

Study Design 

As described above, some but not all epidemiologic stud
ies have reported that certain measures of small airway 
function are affected by long-term ozone exposure. These 
tests of small airway function, however, have high within
and between-individual variability. Tager and colleagues 
evaluated two methods for assessing pulmonary function: 
maximal expiratory flow-volume (MEFV) curves (using 
American Thoracic Society [1991] standardized methods), 
and the single-breath nitrogen washout (SBNW) test (using 
protocols based on National Institutes of Health standard 
methods). As part oftheir protocol, the investigators meas
ured five different parameters of pulmonary function, de-

Table 1. The Approaches Used by Tager and Kinney to Estimate Personal Lifetime Exposure to Ozone 

1. Key factors used to 
estimate personal 
exposure 

2. Study subjects (and num
ber in study) 

3. Residence requirements 
for study subjects 

4. Origin of ambient ozone 
data 

5. Method for estimating 
ozone exposure at 
residence 

6. Evaluated contribution of 
time spent indoors? 

7. Questionnaire 
assessment 

112 

Tager 

a. Questionnaire about residence, time 
spent outdoors, and level of activity 
(based on long-term residence) 

b. Ozone estimate based on ambient 
monitoring data 

UC Berkeley students, aged 17-21 years 
(Part I: 239; Part II: 175 for questionnaire 
reliability, 130 for lung function) 

Lifetime residence in either Los Angeles 
Basin or San Francisco Bay Area 

California sites: California Air Resources 
Board 

Inverse-distance squared, based primarily 
on data from one or three nearest sites 

Yes, time spent indoors "weighted" at 0.2 
or 0.5 

Test/retest 5-7 days apart 

Kinney 

a. Questionnaire about residence, time 
spent outdoors, and level of activity 
(based on life epoch) 

b. Ozone estimate based on ambient 
monitoring data 

Yale University students, aged 17-21 years 
(52 for questionnaire reliability; 200 for 
long-term ozone estimates) 

No more than one year outside the U.S. 

National network: EPA Aerometric 
Information Retrieval System 

Evaluated different models, including 
inverse-distance squared, regression, 
and kriging 

No 

Test/retest 1 month apart 
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fined in the accompanying sidebar. Four of these parame

ters, FVC, FEV1, FEFz5%-75%, and FEF75%, were derived 

from the MEFV curve; and a fifth, 11Nz, from the SBNW test 

(see sidebar). To determine within-subject and between

subject variability for each parameter of lung function, the 

tests were administered twice to 239 subjects, five to seven 

days apart. 

Results and Interpretation 

The key findings of Part I of Tager's study are as follows: 

• There was a hierarchy of within-subject variability, 

expressed as a coefficient of variation (CV), for the 

different parameters of lung function, within a single 

test session and from session to session. 

• Measurements often considered to reflect large airway 

function, FEV1 and FVC, had the lowest CV, that is, 

were the most reproducible.* For measurements con

sidered to reflect small airway function, FEFz5%-75% 
and FEF75%, CVs were somewhat higher, but still in an 

acceptable range. In contrast, the CV for 11Nz, also 

thought to reflect small airway function, was consider

ably higher than those for FEFz5%-75% or FEF75%· 

• Acute respiratory conditions such as colds and flu and 

more chronic conditions such as asthma had little 

effect on the variability of the pulmonary function 

parameters measured. 

The investigators concluded that measuring either FEF75% 

or FEFz5%-75% would be suitable for future epidemiologic 
studies of ozone effects on small airway function, but meas

uring L1Nz would not. 

Part I of the study was carefully performed with the 

worthwhile goal of assessing within- and between-subject 
variability of measures of small airway function, the airways 

considered to be most sensitive to the long-term effects of 

ozone. For more than 20 years, there has been great interest 

in finding lung function tests that are sensitive enough to 

measure pathophysiologic changes in the small airways 
(discussed by Wright et al. 1992; Scanlon and Hankinson 

1996). In the early 1970s, attention focused on the SBNW 

test in the belief that identifying smokers with early patho
physiologic changes in the small airways would be a way 

to identify the subset of smokers who were at greatest risk 

of progressing to clinically significant airway obstruction. 
Many studies demonstrated that the SBNW test was more 
sensitive than the MEFV curve, but the value ofthe SBNW 

*We use "accuracy" (synonymous with "validity") to refer to how close an 
observation is to the quantity it is intended to measure. We use "precision" 
to refer to the statistical dispersion of measurements among themselves, 
without regard to consistent errors (synonyms: reliability, reproducibility, 
consistency). 

test was limited by large within- and between-individual 

variability (for example, see Hayes and Christiani 1993). 

These findings have been corroborated by Tager's study: his 

efforts at quality control v,vere unable to reduce the CV of 

L1Nz derived from the SBNW test. This was perhaps not 

surprising given the study population, which was young 

and nonsmoking, that is, with small 11Nz values. 

PART II. ESTIMATING LIFETIME OZONE EXPOSURE 

Study Design 

In Part II of their study, Tager and colleagues designed 

an approach for retrospectively estimating individual life

time exposures to ozone, based on a questionnaire designed 
to track an individual's residences and activity patterns 

combined with historical ozone monitoring data. The ques

tionnaire requested information about residential history 

since birth, including street addresses, ZIP codes, and dates 
of residence. It also asked about time spent in and level of 

outdoor activities and about home ventilation patterns, 

particularly as they related to the months May through 

October when ozone levels are highest in the Los Angeles 

Basin and the San Francisco Bay Area and when young 

people may spend more time outdoors. To determine the 

precision of questionnaire responses, Tager and colleagues 

readministered the questionnaire to the study population 

five to seven days after the initial test. 

The investigators used data from the California Air Re

sources Board to derive monthly averages of ozone levels 

in designated ZIP code areas between 1975 and 1992, giving 

special attention to two monthly averages: 10 a.m. to 6 p.m. 

MEASURES OF PULMONARY FUNCTION 

FVC (forced vital capacity) -the total volume of air 

expelled from the lungs following maximal inspira
tion. 

FEV 1 (forced expiratory volume in one second)- the 

volume exhaled during the first second of a forced 

expiration following maximal inspiration. 

FEF 25%-75% (forced midexpiratory flow) -the mean 
rate of airflow between the volumes representing 

25% and 75% ofthe FVC. 

FEF75%- the instantaneous flow at the point repre
senting 75% of the FVC. 

L1N2 - the slope of phase III of the single-breath 

nitrogen washout (SBNW) curve. 
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average ozone (the hours of highest ozone level and referred 
to as MID8 in the accompanying study by Kinney et al.), and 
average hours per month with an ozone concentration 
greater than 60 ppb (SUM06 in Kinney et al.). These aver
ages were selected because there were clear differences in 
distribution between the Los Angeles Basin and San Fran
cisco Bay Area and there was a reasonable distribution of 
values within each of the regions. 

To estimate ozone exposure for an individual living in a 
specific ZIP code area, monitoring data were spatially in
terpolated using an inverse-distance-squared weighting. 
Generally, the interpolation was based on data from the 
three nearest monitoring stations, but if a measurement was 
available from a station within 5 miles of the center of the 
ZIP code, this value alone was used (more than 50% of the 
subjects fell into this latter category). For the purpose ofthis 
analysis, Tager assumed that outdoor ozone exposure was 
five times higher than indoor exposure. The investigators 
tested different models to see how the estimates of ozone 
exposure varied with the assumed time spent in different 
ozone environments and with level-of-activity data. 

Results and Interpretation 

The key findings of Part II of Tager's study are as follows: 
• The questionnaire test/retest precision for residential 

history was high, particularly if the subjects had lived 
in only one or two residences over their lifetimes. 
Precision decreased when subjects had lived in more 
residences for shorter times. 

• As expected, the investigators found that UCB students 
who had resided for a long time in the Los Angeles 
Basin had higher estimated ozone exposures than stu
dents who had lived in the San Francisco Bay Area. 

This study shows that it may be possible to construct a 
useful profile of personal ozone exposure by combining 
questionnaire information about area of residence, type of 
residence, and level of outdoor activity with data from local 
ozone monitoring stations. However, several concerns need 
to be addressed before Tager's technique will be fully ready 
for use in a large-scale epidemiologic study. The major issue 
is that the investigators made assumptions that seem theo
retically reasonable, but have yet to be tested empirically. 
Testing these assumptions was not part of their study design. 

One such assumption was that ozone levels do not vary 
over a ZIP code area, the basic geographic unit they used to 
estimate outdoor exposure. However, because the geo
graphic scale on which ozone varies is not known accu
rately, it is possible that ambient levels of ozone vary 
substantially within a ZIP code area. The investigators also 
assumed that interpolated estimates of outdoor ozone levels 
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based on data obtained from the single nearest monitoring 
site would be sufficiently accurate, because a high percent
age oftheir study subjects lived within 5 miles of a Califor
nia monitoring site and single monitoring site data were 
only used in instances when the distance from the monitor 
to the residence was 5 miles or less. In Kinney's accompa
nying nationwide study, estimates based on the three near
est sites were significantly more accurate than those based 
on only the single nearest site. (In Kinney's study, however, 
distances from monitoring sites were generally larger than 
5 miles, so it is difficult to compare directly the findings 
presented in the different reports.) Kinney also showed that 
his estimates of ozone exposure were least accurate in 
California, perhaps because high local v"!riations make es
timates less accurate on a relative as well as on an absolute 
scale. 

To estimate personal exposure, Tager and associates 
"weighted" the subjects' indoor exposure to ozone (I) at 
either 0.2 or 0.5 the level outdoors (0); that is, they set I/0 
ratios at 0.2 and 0.5. Several studies have shown that I/0 
ratios are quite variable for buildings with different venti
lation rates; for example, in Yocum (1982), they varied from 
0.1 to 0. 7; in Druzik and associates (1989), from 0.24 to 0.75; 
and in Wechsler and associates (1989), from 0.24 to 0.71. 

Although Tager found the precision of answers to his 
questionnaire to be high on retest, the second test was 
administered only five to seven days after the first. Read
ministering the questionnaire after a five- to seven-day 
interval may test the precision of the subject's recent mem
ory more than the accuracy of the residence and activity 
information. Accuracy may have been tested more effec
tively by sending selected sections of the questionnaire, 
particularly on outdoor activity, to the parents of partici
pants, as the investigators had originally proposed. Kinney, 
who used a similar questionnaire, found precision only 
moderate when the questionnaire was readministered after 
one month. Furthermore, subjects with different back
grounds and with less experience in answering question
naires may not show the same level of test/retest precision 
as college students. 

Finally, as discussed in the following section, the results 
of a pilot study showed decreases in some measures of small 
airway function in subjects who had high estimated life
time exposures to ozone. However, these differences among 
UCB students who grew up in different ozone environments 
cannot be considered a validation of Tager's model of ozone 
exposure estimation. A more appropriate test of the accu
racy of the investigators' model would be to compare esti
mates of ozone exposure with actual measurements of 
ozone levels, for example, by standard ozone monitors, 
rather than with health outcomes. 
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Preliminary Study of Lung Function and Estimated 
Ozone Exposure 

Tager and colleagues examined lung function in 130 of 

the 175 subjects from Part I of their study whose past 

exposures to ozone had been estimated from questionnaire 

responses. The students with the highest estimates of cu

mulative ozone exposure had lower values of FEF75% and 

FEF25 %_75% than those who had the lowest estimates of 

cumulative exposure. The investigators found an inconsis

tent relation between the estimates of lifetime exposure to 

ozone and the measures of lung function FVC and FEV1, 

which are believed to represent central airway physiology. 

Furthermore, the investigators did not find a correlation 

between ozone exposure and the measure ~z. contrasting 

the findings of Detels and associates (1987). 

Tager and coworkers concluded that long-term exposure 

to ozone appeared to be related to specific alterations in 

the function of small airways (measured by FEF75% and 

FEF25 %_75 %), rather than the function of central airways 

(measured by FVC and FEV1). They noted that these find

ings are consistent with the predicted site of maximum 

effect of ozone, namely, the small airways of the human 

lung, and especially the centriacinar region. 

This conclusion is important and provocative, but should 

be considered preliminary. Tager and colleagues did fit their 

model with ethnicity as a covariate, but the data were not 

sufficient to determine whether the inclusion of ethnicity 

improved the model significantly. In addition, because 

ozone exposures in the two areas of study showed almost 

no overlap, it is possible that some other, unknown factor 

that differed between the regions may have contributed to 

the findings. More careful exploration of these issues is 

required. Future studies involving larger populations, more 

carefully matched for ethnicity, using validated estimates 

of ozone exposure, and controlling for indoor air contami

nants (for example, passive smoke) may help to resolve 

these problems of interpretation. 

The biological and clinical significance of small de

creases in airway function, such as those described by Tager 

and colleagues, has been highly controversial for many 

years. It has not been established that the modest changes 

in small airway function described by Tager and associates 

are predictive of future disease or loss of function (dis

cussed by Wright et al. 1992; Scanlon and Hankinson 1996). 

Many different insults, such as tobacco smoking (to which 

the investigators refer), passive smoke, and a variety of air 

pollutants, may lead to minor abnormalities in the results 

of small airway function tests. Thus, not only is it difficult 

to ascribe a small change in airway function to a particular 

agent, but also the clinical significance of a small change in 

FEF75% or FEFz5%-75% is not well understood. 

CONCLUSIONS 

First, the finding that the measures of lung airflow 

FEFz5%-?5% and FEF75% are reproducible from test to test 

and have an acceptable range of variability from person to 

person, consistent with the findings of previous investiga

tors, suggests that these measures can be used in future 

large-scale epidemiologic studies to measure relatively sub

tle changes in small airway function. 

Second, the finding that questionnaire data about resi

dence and lifetime activity patterns can be combined with 

estimates of personal exposure derived from ambient ozone 

monitoring data implies that the profile of an individual's 

lifetime exposure to ozone can be obtained. As indicated in 

the previous sections, however, the investigators did not 

test the accuracy of their modeled estimates, so it is not 

clear how close these (reproducible) estimates are to true, 

personal ozone exposure levels. 

Third, the preliminary finding that the highest estimated 

lifetime exposures to ozone were associated with lower 

FEFz5%-75% and FEF75% suggests an association between 

prolonged human exposure to ozone and adverse effects on 

small airway function. Although this finding is far from 

certain, it is consistent with the observation that ozone 

effects are first detected in the centriacinar region of the 

lung. Because of the limitations described above in model

ing ozone exposure, as well as in the makeup of the groups in 

the current study, this finding should be considered prelimi

nary, pending further and independent substantiation. 

TECHNICAL EVALUATION OF 
DR KINNEY'S REPORT 

OBJECTIVES AND STUDY DESIGN 

The overall goal of the study by Dr. Kinney and his 

colleagues was to develop methods for estimating retro

spective exposures to ozone. His specific aims and study 

design were as follows: 

• To evaluate different methods (statistical models) for 

estimating ozone levels. Kinney computed a 10-year 

summer average ozone level for each station in the 

nationwide ozone monitoring network. He then evalu

ated different models to determine whether he could 

predict the ozone level at a particular site from meas

urements reported at nearby stations. Kinney then de

termined the accuracy ofthe prediction by comparison 

with the actual measurement at the site. 

• To develop and test a questionnaire for assessing life

time ozone exposure. Kinney developed and tested a 

questionnaire, which he administered to students at 
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Yale University who had previously lived in different 
regions of the United States. Kinney's approach resem
bled Tager's in its focus on residence information and 
level of individual activity; however, Kinney concen
trated on specific life epochs described by school level, 
whereas Tager asked questions about long-term resi
dence. Kinney evaluated the precision ofthe question
naire by retesting one month later. 

• To estimate long-term ozone exposure in a group of 
students and the variability of ozone levels over time 
and space, and to design a retrospective cohort study 
of the effects of long-term ozone exposure on young 
adults. Kinney estimated exposure to ozone over a 
10-year period for each of 200 Yale University students 
who had completed his questionnaire, using the model 
that seemed to provide the most accurate estimates. 
From this he estimated a mean ozone exposure for the 
group over 10 years, plus the associated variance and 
standard error terms. To derive estimates of temporal 
and spatial variability in ozone levels, he divided the 
variance term into within-subject and between-subject 
components, respectively. To estimate the minimum 
number of subjects needed for a future epidemiologic 
study to be reasonably sure of showing ozone-related 
differences in lung function, he combined the between
subject variance he had derived with the ozone-in
duced change in lung function found by Tager in the 
accompanying study. 

METHODS FOR ESTIMATING OZONE EXPOSURE 

The investigators obtained hourly ozone measurements 
from all U.S. monitoring sites for which data were available 
between 1981 and 1990 (between 605 and 702 sites in any 
one year), using the Aerometric Information and Retrieval 
System (AIRS). Because the measure of ozone that best 
relates to health effects is not known, the investigators 
computed five different ozone metrics: the daily one-hour 
maximum (MAX1), by which the ozone NAAQS had pre
viously been defined; the daily maximum 8-hour running 
average (MAX8), which the EPA has proposed as the new 
ozone metric; the average concentration between 10 a.m. 
and 6 p.m. (MID8), the hours of the day when people are 
most active; the average concentration between 10 a.m. and 
10 p.m. (MID12); and the sum of all hourly concentrations 
greater than or equal to 60 ppb (SUM06). The investigators 
then computed daily and monthly means for each measure. 
As expected, they found that the highest measures of ozone 
were recorded in the summer months, June, July, and Au
gust. When MAX1 was calculated for each year, they also 
found that nationwide, average ozone levels did not vary 
significantly from year to year between 1981 and 1990. To 
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facilitate comparisons of different methods of estimating 
ozone levels, the investigators derived a single number, the 
average for the summer months over the 10 years studied, 
for each metric at every monitoring site. 

The investigators estimated ozone concentrations at a 
particular site by four different methods: (1) the simple 
average of k nearby sites, where k is the number of moni
toring sites closest to the site being monitored; (2) the 
inverse-distance-weighted average of k nearest sites; (3) the 
inverse-distance-squared-weighted average of k nearest 
sites; and ( 4) regression on k nearest sites. The investigators 
used these interpolation methods in turn to estimate aver
age summer ozone concentrations at each U.S. monitoring 
site based on the data from up to 10 nearest sites. This 
calculation was repeated for each of the five ozone metrics. 
An additional method, known as "kriging", was used to derive 
estimates for two subsets of sites: those in California and 
those in the New York/New Jersey/Connecticut (NY/NJ/CT) 
tristate region. 

To assess the precision of the estimation, the investiga
tors calculated the SD of the difference between the ozone 
concentration measured at the site and the value estimated 
by the prediction. The size of the SD was referred to as the 
interpolation error; the smaller the SD or interpolation 
error, the closer the fit to the observed value. 

Key Findings 

The key findings of this part of Kinney's study were as 
follows: 

1. All models tested gave similar results, but the regres
sion-based model gave estimates with slightly smaller 
errors than the other models. Using the regression 
model, the investigators found that the errors de
creased when more than one site was used in the 
calculation, but this improvement in accuracy was 
marginal after the third site was added. For the other 
models tested, error was reduced with more nearby 
sites included but actually became worse as more dis
tant sites were added. 

2. Using the three-site regression-based model: 
• The inclusion of other factors-covariates-had 

little effect on the estimated error of estimates. The 
covariates evaluated were meteorologic variables 
(average summer season temperature, relative hu
midity, and wind speed from the three weather 
stations closest to the ozone site), population den
sity, and site elevation. 

• Distance from a monitor did not affect the accuracy 
of the regression-based estimate. Interpolation er
rors slightly decreased when the nearest monitor
ing site was more than 30 miles away. 
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• The regions where the regression-based estimates 

differed most, in both absolute and relative terms, 
from actual readings were predominantly in Califor

nia (mostly around Los Angeles) and the NY INJ!Cf 

tristate area. 

3. Kriging, a distance-based model, gave slightly more 

accurate estimates than the three-site regression model 

for data from California and the NY INJICT area. 

Interpretation 

Kinney and colleagues concluded that reasonably pre

cise estimates of ozone can be obtained for the United States 

using a regression-based method. For example, they found 

the error of the three-site regression model to be only 13% 

of the mean for the ozone measure. Estimates in California 

and in the NY /NJICT metropolitan area were less accurate 

because these areas have the greatest relative variability in 

ozone concentrations in the United States. The finding that 

the three-site regression model accurately estimated ozone 

levels even when the nearest monitoring site was more than 

30 miles away suggests that proximity to a monitoring site 

is not crucial to accurate estimation. As ozone monitoring 

sites that are far apart tend to be in rural areas, these results 

are reassuring in demonstrating that this approach to esti

mating ozone concentrations can be applied to most regions 

of the United States. 

In a second approach to investigate the impact of dis

tance on ozone estimates, the investigators also assessed a 

distance-based interpolation model, kriging. The first step 

in this two-stage analysis was to work out the variation in 

spatial pattern of the data at sampled sites (deriving a 

function referred to as the variogram). In the second stage, 

the variogram was used to develop a weighted moving-av

erage estimate at unsampled locations; thus, in this analy

sis, values at nearer sites were given a higher weight. 

Because current kriging software cannot handle the nation

wide data set, the investigators tested only subsets of their 

data from California and from the NY /NJ/CT tristate region. 

Kinney and colleagues found that kriging performed 

slightly better than the regression model for the California 

and NY/NJ/CT subsets of data, suggesting that distance

based models may be useful in making future estimates of 

ozone exposure. Because the kriging analysis incorporates 

data from more sites than the other models, which would 

also improve the accuracy of estimates, it will have to be 

tested on the complete U.S. data set before firm conclusions 

can be drawn about how distance from a monitoring site 

affects the errors in interpolation estimates. 

DEVELOPING AND TESTING A QUESTIONNAIRE TO 
ASSESS ACTIVITY HISTORY 

To improve personal estimates of exposure to ozone, Dr. 

Kinney and colleagues developed a self-administered ques

tionnaire, which they gave to students at Yale University. 

It included questions about activity patterns at different 

stages of life. The investigators evaluated the test/retest 

precision of the section on lifetime activity by readminis

tering the questionnaire after an interval of one month. The 

precision of the test was computed using simple and 

weighted kappa statistics, which measure how much re

peated measurements agree beyond the agreement ex

pected by chance alone. 

The activity history section ofthe questionnaire showed 

only moderate precision on retest after one month. This 

finding implies that the answers given by subjects aged 17 

to 21 years about their level of activity a few years earlier 

may not be sufficiently precise for epidemiologic studies. 

More information is needed to determine how precision can 

be improved before applying this type of questionnaire

based approach in future studies with broader populations. 

For example, other questions or alternative wording ofthe 

same questions may elicit more precise answers on retest. 

As with Tager's questionnaire, readministering the ques

tionnaire after a short interval mixes validation of the 

information provided with a measure of the reliability of 

the subject's memory. 

ESTIMATES OF LONG-TERM OZONE EXPOSURE, 
AND THE VARIABILITY OF OZONE LEVELS OVER 
TIME AND SPACE 

Kinney estimated between-subject and within-subject 

variances of ozone exposure over 10 years for each of ZOO 

Yale University students. He applied the three-site regres

sion model to residential information from each student's 

questionnaire to estimate a mean ozone exposure over the 

10 years plus variance terms for the entire set of students, 

including within- and between-subject components. 

For his estimate of long-term ozone exposure, Kinney 

found that the within-subject variance was approximately 

40% of the between-subject variance, and similar in mag

nitude to the error in estimating ozone concentration by the 

three-site regression method. Kinney assumed that within

subject variance corresponded to temporal variability in 

ozone, that is, the difference in ozone levels that one person 

would be exposed to at different times. However, the 

within-subject component also includes errors in residen

tial history, errors in the monitoring data, and other sources 

of variation. He also assumed that the between-subject 
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variance corresponded to spatial variability in ozone levels, 
that is, the additional variation in exposure of different 
individuals who would experience greater differences in 
levels of ozone in different places. He concluded from his 
calculation that variation in estimates of long-term ozone 
exposure between subjects was almost 2.5 times greater 
than variation within a subject over time. 

DESIGN OF FUTURE EPIDEMIOLOGIC STUDIES 

Kinney estimated the minimum number of subjects that 
would have to be enrolled in a future epidemiologic study 
to demonstrate a physiologic effect of ozone on human lung 
function. He based his calculation on two inputs: (1) the 
between-subject variance for a population exposed to 
ozone, derived from his Yale student study; and (2) an 
assumed effect of ozone on a measure of small airway 
function, FEF25 %-75o/o. derived from Tager's accompanying 
pilot study of 130 UCB students (see Part II of this Research 
Report and Kiinzli et al. 1997). From this calculation, Kin
ney estimated that approximately 100 subjects would be 
needed for a future epidemiologic study to quantify .long
term ozone effects. 

As Kinney acknowledges, however, this calculation is 
based on a number of assumptions that may not hold. For 
example, the between-subject variance in Yale students 
may not be representative of the variance in exposure levels 
of individuals enrolled in a future study, and the size of the 
ozone effect on FEFz5%-75% observed by Tager and col
leagues (Part II of this Research Report, Kiinzli et al. 1997) 
may be greater or smaller in a future study. Furthermore, as 
neither Kinney nor Tager validated their exposure models, 
power estimates for a future epidemiologic study should be 
regarded as first approximations only. 

CONCLUSIONS 

The finding that reasonable estimates of past ozone levels 
can be derived from monitoring data using a regression
based model involving the three nearest sites suggests that 
this method may be useful in future epidemiologic studies. 
Interestingly, Kinney's finding that estimates were least 
accurate in California and the NY/NJ/CT metropolitan re
gion emphasizes the difficulty of estimating ozone expo
sure in regions of highly variable ozone levels. 

Although including covariates such as meteorologic vari
ables and population density did not substantially improve 
the nationwide estimates, Kinney speculated that the inclu
sion of other covariates, such as the distribution of wind 
direction and wind speed, and the use of more complex 
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models might improve the accuracy of the estimate. Future 
studies will determine whether such approaches can im
prove the accuracy of estimates. 

Using a regression-based model, Kinney concluded that 
distance from the nearest monitors played little role in 
determining the accuracy of the estimate. This suggests that 
rather accurate regression-based estimates of ozone concen
tration can be made even in rural areas, indicating that the 
density of available monitoring sites appears to be adequate 
for estimating ambient ozone concentrations averaged over 
time and over distance, up to the distance between moni
tors. However, because the variability of ozone over small 
distances is not known, ozone measurements at the moni
toring sites may not reliably estimate spatial variability 
within small subsections of the region. Interestingly, when 
Kinney tested a distance-based model, kriging, on the sub
set of data from California and the NY INJ ICT region, this 
model gave somewhat more accurate estimates than the 
three-site regression-based approach. This finding suggests 
that distance from an ozone monitor may influence the 
accuracy of the estimate in some models. The role of dis
tance in determining the accuracy of estimates will require 
further study. 

DISCUSSION OF THE TAGER AND 
KINNEY STUDIES 

The studies by Tager and Kinney and their associates are 
important efforts for developing methods for retrospectively 
estimating an individual's lifetime exposure to ozone. Both 
investigators used fixed-site ambient monitoring data accu
mulated over many years and devised models to estimate 
ozone concentrations at locations distant from the monitor
ing site. In order to obtain estimates of personal exposure, 
they assumed that ozone exposure would be highly influ
enced by both the time each person spent outdoors during 
periods of peak exposure and the individual's level of 
activity while outside. Tager and Kinney incorporated 
these variables into questionnaires that they developed to 
calculate individual exposure to ozone. 

Two remaining issues should be addressed before these 
methods are applied in large epidemiologic studies. One 
issue is validation. Does the method really measure what it 
is supposed to measure (a matter of statistical bias)? The 
other is reliability. Do measures of the same exposure taken 
at different times or with different instruments give approxi
mately the same answer (a matter of statistical variance)? 

Though both Tager and Kinney conducted feasibility 
studies, validation was not the aim of either investigator. 
Looking ahead, a logical next step will be to validate the 
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results independently, using more closely matched groups. 

An ideal approach would be to compare the investigators' 

estimates with data from personal (passive) monitors worn 

by a small sample of individuals at a variety of places and 

times. However, this approach assumes that an accurate 

and precise passive monitor is available. As yet, however, 

the personal ozone monitors now available have not been 

validated in natural settings in which subjects move around 

freely (for example, see Liu et al. 1997). Another way to 

validate exposure estimates would be to conduct a series of 

smaller studies that use stationary monitors to assess ozone 

concentrations in various microenvironments and then 

combine these measured concentrations with time-activity 

patterns of individuals to estimate exposure. These ap

proaches have the potential to provide a partial validation 

of the estimation procedure, but could not validate the data 

themselves in the absence of personal monitor information 

from each prior life epoch. 

There is also a need for further assessment of the reliabil

ity of the information provided by answers to the test 

questions, particularly those dealing with individual times 

and levels of outdoor activity in the distant past. Using the 

results of Tager and Kinney to compare the reliability of 

student answers to questions about activity and residence 

is difficult because the investigators used different survey 

instruments. Nevertheless, some inferences can be made. 

Both studies approached this issue by readministering the 

questionnaire after an interval, and both assessed the reli

ability using weighted kappa statistics. Kinney found "fair 

to moderate" agreement of answers after a one-month gap, 

and Tager found "high" agreement after five to seven days. 

With such brief intervals between tests, however, it is 

difficult to judge how much ofthe observed reproducibility 

is a result of carryover effects of the first test. The current 

studies do not provide information about the sources of 

error in the calculations of precision, how the precision of 

answers could be improved, or whether the inclusion of 

other types of data would enhance the precision of the 

questionnaire. Thus, it is not clear whether Kinney's ap

proach to estimating ozone exposure based on life epochs 

is more or less reliable than Tager's residence-based ap

proach. Further work may show that each has a place in 

certain kinds of studies. 

In the near future, the methods developed by Drs. Tager 

and Kinney will be of greatest value in epidemiologic 

studies involving young subjects. Though a national system 

for monitoring ozone levels has existed only since 1975, it 

covers almost the complete life span of the subjects in both 

the Tager and Kinney studies (age range 16-21 at the time 

of their studies). In contrast, this time span represents only 

a small fraction of the life of older subjects, creating uncer

tainty about making retrospective estimates for this age 

group. In addition, the precision of answers to questions 

concerning the amount and level of lifelong outdoor activ

ity may be of greater concern for persons asked to recall 

events many decades earlier than for college students re

calling a period less than 20 years previously. 

In summary, there is a need to develop a means to 

produce precise, retrospective estimates of personal expo

sure to ozone (and other air pollutants) in order to assess 

the effects of such exposures on lung function. Of necessity, 

such estimates require a number of assumptions, many of 

which are difficult to verify, especially in the absence of a 

"gold standard" against which the estimates canbe verified. 

Tager and Kinney have taken important steps in developing 

approaches for retrospective estimation of past exposures 

to ozone (and in Tager's case, for evaluating airway function 

in young subjects). The approaches are now ready to be 

pilot tested and, to the extent possible, validated. If such 

validation studies are successful, the investigators' meth

ods should advance air pollution epidemiology. 
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