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ABSTRACT

This report studies associations between long term cumulative ambient concentrations
of air pollutants in a cohort of 6,340 non-smoking California Seventh-day Adventists.
Average annual mean cc trations as well as hours in excess of different thresholds were
estimated for each of total suspended particulates (TSP), ozone, and sulfur dioxide (SO,)
using monthly interpolations from monitoring stations to zip code centroids from 1967 to
1987.  Incidence of the following chronic diseases was ascertained: cancer, definite
myocardial infarction (M.L.) (1977-1982); cumulative incidence of definite symptoms of
airway obstructive disease, chronic bronchitis, and asthma (1977-1987). All natural cause
mortality (1977-1986) was aiso ascertained. For several thresholds of TSP, statistically
significant elevated relative risks were seen for all malignant neoplasms in females, definite
symptoms of AOD, chronic bronchitis, and asthma. For one threshold of ozone (10 pphm)
elevated relative risks were observed for incidence of respiratory cancers and asthma which
approached but not quite achieved the 0.05 level of statistical significance. Increasing
severity of asthma symptoms was statistically significantly related to two thresholds of ozone
as well as mean concentration. SO, failed to show any statistically significant reiationships
with the health outcomes studied. Incidence of definite M.L and all natural cause mortality

failed to show statistically significant relationships with any of the pollutants studied.
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INTRODUCTION

This report consists of five papers, the first four of which have already been submitted for
publication. Below we briefly summarize the findings of each paper and indicate their
relationship to one another.

Paper 1:

"Estimating Cumulative Ambient Concentrations of Air Pollutants. Description and
Validation of Methods Used for an Epidemiological Study."

This paper describes the methods used for estimating cumulative ambient air pollution
concentrations for study members. This paper describes the methods used to apply ambient
concentrations of air pollutants monitored at fixed site stations in California to members of
the study cohort according to their zip code by month residence histories. The methods for
generating exceedance frequency statistics in excess of different thresholds are discussed.
Results from a study which used monitoring stations as a receptor sites and interpolated
from the surrounding monitoring stations is used to provide some insight as to the accuracy
of the interpolation methods used for total suspended particulates and ozone. Correlations
between actual versus interpolated two year mean concentrations were 0.78 for total
suspended particulates and 0.80 to 0.90 for ozone. In order to evaluate the impact of the
change from monitoring total oxidants to ozone on oxidant/ozone cumulations over past
years, monthly mean concentrations for total oxidants were correlated to ozone for 435
station months for both pollutants were simultaneously monitored. The resulting correlation
coefficient was 0.94.

Paper 2:

"Ambient Air Pollution and Cancer in California Seventh-day Adventists (Long-Term
Ambient Concentrations of Total Suspended Particulates and Oxidants as Related to Cancer
Incidence and Mortality in California Seventh-day Adventists)."

This paper describes the relationships observed between TSP, ozone, and cancer incidence
(1977-1982) and cancer mortality (1977-1986) in the study cohort of 6,340 non-smoking
Seventh-day Adventist residents of California. Ambient concentrations were expressed in
terms of both mean concentrations and exceedance frequencies, the numbers of hours during
which ambient concentrations exceeded specified thresholds. Risk of malignant neoplasms
in females, but not males, increased with increasing exceedance frequency for all TSP
thresholds (100, 150, and 200 mcg/m’) except the lowest (60 mcg/m’). These increased risks
were highly statistically significant. No statistically significant association was shown for mean
concentration of TSP. Increased risk of respiratory cancer was associated with only one
threshold of ozone (10 pphm), and this result was of borderline statistical significance due



to the small number of respiratory cancers, only 17 occurring in our study population.

Paper 3:

"Long Term Ambient Concentrations of Total Suspended Particulates and Ozone and
Incidence of Respiratory Symptoms in a Non-Smoking Population."

This paper studies associations between total suspended particulates, ozone, and cumulative
incidence of respiratory symptoms between 1977 and 1987 in a sub cohort of 3,914
individuals who completed the National Heart, Lung, and Blood Institute Respiratory
Symptoms Questionnaire in 1977 and again in 1987. Increased risks of definite symptoms
of airway obstructive disease and chronic bronchitis were associated with ambient hours in
excess of total suspended particulates at thresholds of 100, 150, and 200 mcg/m? as well as
mean concentration. Increased risk of asthma was associated with ambient hours in excess
of thresholds of 150 and 200 mcg/m? but not mean concentration. Mean concentration and
average annual exceedance frequencies for thresholds of 10, 12, 15, 20, or 25 pphm ozone
were not statistically significantly associated with cumulative incidence of any of the
respiratory symptoms outcomes, though a trend association (p=0.056) was noted between
hours in excess of 10 pphm ozone and cumulative incidence of asthma. Analyses of
cumulative incidence of respiratory symptoms excluded individuals who had definite
symptoms in 1977. When these individuals were included in analyses which used change in
a symptom severity score, mean concentration of ozone and average annual exceedance
frequencies for thresholds of 10 pphm and 12 pphm were statistically significantly associated
with change in severity of asthma. Change in severity for the other respiratory symptoms--
AOD and chronic bronchitis were not significantly related to any of the thresholds of ozone
or for mean concentration. It was felt that our study population lacks sufficient average
annual hours of ambient concentrations above thresholds of 15 pphm and higher to detect
significant associations with health outcomes with exceedance frequencies above these higher
thresholds.

Paper 4:

"Long-Term Ambient Concentrations of Total Suspended Particulates and Oxidants as
Related to Incidence of Chronic Disease in California Seventh-day Adventists."

This is a summary paper of all health outcomes covered in our study as related to TSP and
ozone. It was presented at the International Society for Environmental Epidemiology
Meetings in Berkeley in August and is subsequently being recommended for publication in
Environmental Health Perspectives. The paper summarizes the findings of papers two and
three above and extends results to include the health outcomes: all natural cause mortality
and incidence of definite myocardial infarction (M.L.). No statistically significant associations
were seen for all natural cause mortality or definite M.I. with TSP or ozone.

Except for describing the methods for ascertainment of incidence M.I. and all natural cause




mortality, the methods section of this paper is redundant with papers 1, 2, and 3 and the
reader of this report may want to skip over it.

Paper 5:

"Long-Term Sulfur Dioxide Levels and Adverse Health Effects in Non-Smoking California
Seventh-day Adventists."

This paper studies associations between ambient concentrations of sulfur dioxide

(SO,) and all of the health outcomes included in this study--all malignant neoplasms,
respiratory cancer, all natural cause mortality, incidence of definite myocardial infarction,
cumulative ten year incidence of definite symptoms of airway obstructive disease, chronic
bronchitis, and asthma. No statistically significant associations were seen between long-term
ambient concentrations of SO, and any of these health outcomes. It was noted that mean
ambient concentrations of SO, experienced by all our California study population were far
lower than those of other epidemiological studies. It was felt that this was the most likely
reason that no statistically significant associations between SO, and health outcomes were
observed in this study.

As the methods for estimating cumulative ambient concentrations of SO, were the same as
for TSP and ozone, the methods section of this paper is redundant with papers 1, 2, and 3,
and the reader of this report may want to skip over it.
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ABSTRACT

Methods for estimating cumulative ambient air pollution concentrations for
individuals enrolled in an epidemiological cohort study are described and validated.
The methods used monthly interpolations from fixed site monitoring stations in California
to zip code centroids. Validation of the interpolation methods for total suspended
particulates and ozone was conducted using fixed site monitoring stations in turn as
receptor sites. Correlations between actual versus interpolated two year mean
concentrations were 0.78 for total suspended particulates and 0.80 for ozone working
hours - 8 a.m. to 5 p.m.; 0.90 for ozone home hours - 5 p.m. to 8 am. In order to
evaluate the impact of the change from monitoring total oxidants to ozone on
oxidant/ozone cumulations, monthly mean concentrations for total oxidants were
correlated to ozone for 435 station months where both pollutants were simultaneously

monitored. The resulting correlation coefficient was 0.94.
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INTRODUCTION

A question of increasing importance in environmental heaith is "What are the
health effects of long-term (many years) ambient concentrations of community air
pollutants?” One of the major difficulties in assessing such health effects is to compile
an index which represents long-term cumulative ambient concentratioﬁs and which can
be used for study participants in a free-living cohort study. The AHSMOG study is a
prospective epidemiological cohort study of 6,301 non-smoking Seventh-day Adventists
living from 10 to 21 years in areas of California which differ widely in levels of
community air poilutants. Previous papers have shown statistically significant
associations between prevalence of self-reported, definite symptoms of airway
obstructive disease (AOD) and one or more thresholds of each of the pollutants: total
suspended particulates (TSP), total oxidants (OX), and sulfur dioxide (SO,).
Associations with nitrogen dioxide (NO,) were also studied but failed to show
statistically significant associations (1,2). A methodological paper by Abbey et al. briefly
described the methods for estimating long-term cumulative concentrations of air
pollutants used for these studies and a technique for developing quantitative estimates
of relative risks of disease above different threshold levels for the purpose of setting air
quality standards (3). This paper describes updated and improved methods fork
estimating cumulative ambient concentrations of community air polluténts and describes
validation studies which were conducted for total suspended particulates and
oxidants/ozone to assess the accuracy of the interpolation methods. Future papers will

address the associations between long-term (up to 21 years) cumulative ambient



concentrations of each of a number of air pollutants and incidence of each of a number
of different chronic diseases. Air pollutants studied include total suspended particulates
(TSP), total oxidants/ozone, sulfur dioxide, sulfates, and fine particulates. Chronic
diseases studied include: incidence of respiratory cancers, all malignant neoplasms,
congestive heart disease, and all natural cause mortality, as well as ten year cumulative
incidence of a number of respiratory symptom complexes.

METHODS

Ambient concentrations of air pollutants were estimated using fixed-site
monitoring stations for which the California Air Resources Board (CARB) archives air
quality data. Three hundred forty-eight of these stations were in the vicinity of the
residences or work locations of study participants and were considered to have
sufficiently complete data for at least one pollutant sometime in the years 1966-1987:
only these stations were used in this study. One hundred twenty-six of theée stations
are located in the three air basins where most of the study participar;ts lived -- the San
Francisco Bay, South Coast, and San Diego air basins - and 222 are located in the
remainder of the state.

We defined "sufficiently complete data” for a station as at least ten months of
representative data for one or more pollutants in each of three or more years. Routine
monitoring of concentrations of TSP is for 24-hour periods (from midnight to midnight)
every sixth day; a month of representative TSP data must have at least four 24-hour
values (three for February). Hourly average ozone concentrations are monitored; to be

representative, a month’s ozone data must include at least 75% of the hourly averages.
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Station-months which had less data for a pollutant were considered to have missing
data.

TSP and ozone concentrations were monitored by methods satisfying the
Environmental Protection Agency (EPA) standards in effect at the time of monitoring
and are described in CARB monthly reports (for example (4)). The monitoring was
supported by quality control and quality assurance programs meeting EPA standards.

So that health effects could be related to air quality standards, several thresholds
were chosen for each pollutant corresponding to federal and state air quality standards
as well as levels in between. The indices most used for assessfhent of long-term
health effects were expressed as average annual hours for which ambient
concentrations exceeded the thresholds. The average annual hours of excess
concentration for each subject were calculated by a multi-step algorithm. The first step
calculated for each monitoring station and month of representative data the number of
hours during which concentrations exceeded each threshold. These monthly statistics
will be referred to as exceedance frequencies.

The thresholds chosen for TSP included two of the national standards in effect
at the time the study was being planned in 1986. (National standards for TSP were
replaced by standards for 10 micron particulate matter in July, 1987.) The thresholds
chosen for TSP were: 60 micrograms/cubic meter (mcg/m:’), the national secondary
standard for annual geometric mean; 100 mcg/m3, 150 mcg/m3, the national secondary
24-hour standard; and 200 mcg/m>. Our study areas lacked sufficient concentrations

above the national primary 24-hour standard of 260 mcg/m3 to warrant using it as a



threshold. For brevity, exceedance frequencies for the thresholds of TSP will
subsequently be referred to as TSP60, TSP100, TSP150, and TSP200.

For ozone we used 10, 12, 15, 20 and 25 parts per hundred million (pphm) as
the threshold levels; they correspond to 196, 235, 294, 392, and 490 mcg/m?,
respectively. The first California standard for ozone in effect during the study period
was 10 pphm total oxidants. This standard was subsequently restated as 10 pphm
ozone, which remained the California standard for the remainder of the study period.
The national primary standard is 12 pphm ozone. Exceedance frequencies for the
thresholds of ozone will be referred to as 0Z10, 0Z12, 0Z15, 0Z20, and 0Z25.

Ambient concentrations of TSP and ozone were estimated by the staff of the
CARB. Atfter caIcuIating concentration statistics for each monitoring station for all
months of representative TSP and ozone data, they interpolated these statistics to the
centroids of the residence and workplace zip codes. Details of the calculation of
concentration statistics and of the interpolations are discussed in the following
paragraphs.

Exceedance frequencies for TSP were calculated for each month of
representative data by counting the number of 24-hour monitoring periods with
concentrations exceeding a threshold and multiplying this number by the ratios (days
in month/number of monitoring periods with data in month), and finally multiplying by 24
to convert the exceedance frequency to hours for ease of comparison with exposures
to gaseous pollutants. Exceedance frequencies for ozone were calculated by

computing the percentage of hours during which the threshold was exceeded and then
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multiplying this percentage by the number of hours in the month. Note that these
algorithms automatically adjust for monitoring periods with missing data and that the
adjustment assumes that the missing periods have the same distribution of
concentrations as the periods with data.

Cumulative concentrations above a threshold were also represented by the
"excess concentrations® above ihe threshoid. Define the "excess conceniration
function” for a pollutant and threshold as the concentration minus the threshold if this
difference is positive, and as zero otherwise. The month’s excess concentration is the
sum of the excess concentration function over all the month’s monitdring periods.
Excess concentrations were adjusted for missing data by the same rules used to adjust
exceedance frequencies. Excess concentration statistics for TSP were also expressed
in terms of hours to facilitate comparisons with gaseous pollutants; the units were
microgram-hours per cubic meter. The units of excess concentrations of ozone were
parts per hundred million-hours. The air pollution indices also included monthly mean
concentrations, which may be alternatively defined as the excess concentrations above
a zero threshold divided by the number of hours in the month.

Monthly exceedance frequencies and excess concentrations for residence and
workplace zip codes occupied by the study population were computed by interpolation
of these statistics from nearby monitoring stations. Statistics from up to three of the
nearest stations satisfying the conditions set forth below were included in an
interpolation. The statistics used in the interpolation were weighted by 1/R?, where R

is the distance from the station to the zip code centroid. To be included in an



interpolation, a station must have satisfied the following conditions: be within 50
kilometers (31.25 miles) of the centroid; be on the same side of the barriers to airflow
determined by Hayes et al. (5); and be on the same side of any other topographical
obstructions to airflow rising more than 250 meters above the surrounding terrain.
The EPA has suggested categories of distances from stations within which the
concentrations monitored at the stations may be considered representative (6). These
categories vary with the pollutant. Stations in distance categories A and B of a point
are respectively considered representative and moderately representative of
concentrations at the point. More distant stations within 50 kilometers of the point are
placed in category C. We assigned each interpolation a quality rating equal to the
distance category of the nearest station. For TSP, mainly a primary pollutant, the
distance categories are: A, within 3 miles; B, further than 3 miles but within 6 miles; C,
more than 6 miles. For ozone, a secondary pollutant, the distance categories are: A,
within 10 miles; B, further than 10 miles but within 20 miles; C, more than 20 miles.
A maximum of three stations were included in any interpolation. If any eligible
station with an A or B quality rating had data, only stations with these ratings were
included in the interpolation. Otherwise, data from stations with C ratings were used.
Separate monthly interpolations were used for work locations and home locations
if the work location was more than 5 miles from the home location. Individuals were
assumed to be at the work location from 8 a.m. to 5 p.m. on days which were not
weekend days or federal holidays. There is hourly data for ozone, so that the

exceedance frequencies and excess concentrations for the home location could be




calculated separately from those of the work location. For TSP, which is monitored for
24-hour periods, separate statistics for the month were calculated for the home location
and for the work location. A weighted average of the home location and work location
statistics was then computed, weighting by the assumed numbers of working and non-
working hours in a month. If an individuals’ work location was missing for a month, the
concentration statistics for his home location were used for the entire month.

Study participants sometimes resided for a month or more in areas outside the
state of California or in areas within California which were not within 50 kilometers of a
monitoring station. Such locations within California were manually examined by CARB
stafft who were knowledgeable about air pollution patterns throughout the state. By
assigning these quality codes, we could later exclude individuals who had too much
"assigned” data, if desired.

Locations affected by pollution transport from nearby polluted areas were
assigned upper limit background exposures from these polluted areas and a quality
rating of H. Locations in low-pollution rural areas not affected by transport were
assigned zero background exposures and a quality rating of |.

Values for months with missing data were imputed by an algorithm which utilized
values for the same zip code for nearby months in the same year or nearby years,
depending upon the existence of non-missing data. These imputed values were
assigned separaté quality codes and were used for less than one percent of the
person-months of exposure to ozone and TSP experienced by the population.

For locations outside California, exposures were coded as “"possibly high" or



“low" according to whether or not the individual resided for that month within 50
kilometers of a city indicated by the EPA to have annual average exposure in excess
of 60 mcg/m3 for TSP, 14 parts/million for sulfur dioxide, or 12 parts/million ozone.
Months with values coded as "possibly high" were considered to be missing, since
there was insufficient data available to assign a quantitative value. Months with values
coded as "low" were counted as zero exposures in excess of all thresholds, and a
special quality code was assigned. Individuals who had no fixed location during a
month or who did not report a residence for the month had those months coded as
missing. In statistical analyses using cumulative concentrations, missing months were
replaced by an individual’s prior average cumulative concentration for the time period
under consideration. This was done to avoid excluding from analyses those individuals
who might‘be missing only a few months of data. Individuals with actual data for less
than 80% of the months were excluded from all analyses. Thus, the imputation
procedures for missing values described above were only used for individuals when
20% or tewer of the individual’s monthly values were missing.

Individuals who were not excluded because of too much missing data had the
following distribution of quality ratings for their person-months of TSP: quality A, 19.0%;
quality B, 41.7%; quality C, 35.0%; H, 1.2%. ‘Zero was assigned to 1.9% of person
months according to the low or background ambient concentration codes as described
above; 0.7% of person months were missing. For ozone the distribution of quality
ratings for person months was: quality A, 89.8%; quality B, 5.4%; quality C, 1.8%; H,

0.6%. Zero was assigned to 1.9% according to the low or background ambient
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concentration codes, and 0.5% of the person months had missing data.

Using the monthly residence and workplace zip codes obtained from
respondents and the monthly poliution statistics interpolated to the zip codes, each
individual’s total cumulative exceedance frequency and excess concentration was
calculated for each pollutant and threshold for each month from January 1966 to the
earliest of: date of death, date of loss to follow-up, and April 1, 1987. Interpolated
values since 1973 are considered to be more accurate, since a much larger network
of operating stations has been operational since that time. Baseline cumulations were
therefore calculated using the time period since January 1973, as well as the time
period since January 1966. For most statistical analyses, the time period since January
1973 was used for cumulation. However, key analyses were repeated replacing
statistics for this period with the cumulations since January 1966. The resuits reported
were not sensitive to the choice of time periods for the baseline cumulations.

Results of Validation Studies

A check on the validity of the computational methods used to generate
cumulative exceedance frequencies and excess concentrations was made by
comparing the statistics computed by twd independently written sets of computer
programs. The statistics were computed for 1973-1976 for a subgroup of 5,249 study
participants residing in.the South Coast Air Basin. Although the computer .programs
used slightly different methods of interpolation, all pairs of corresponding exceedance
frequency and excess concentration statistics for both TSP and ozone had correlations

greater than 0.9.
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A check on the accuracy of the interpolation algorithms was performed by
interpolating to monitoring stations from surrounding monitoring stations using the same
interpolation algorithm. The actual monitored ambient concentration statistics at the
stations and the statistics interpolated from surrounding monitoring stations were then
compared. Since the purpose of this study is to assess the effects of long-term
cumulations of ambient concentrations, the interpolated and actual values were each
cumulated over two years, 1985 and 1986. The resultant two year cumulations were
then compared using paired t-tests and correlation coefficients. For ozone, which is
monitored hourly, cumulations were made for two separate time periods of the day: the
“work" time period, 8 a.m. to 5 p.m. Monday-Friday except for holidays, and the
"home" time period, all other hours. The results of the statistical comparisons are
given in Table I. There were 142 stations for TSP and 126 stations for ozone which had
one or more monitoring stations within interpolation range during the years 1985 and
1986. For this time period the distribution of quality ratings for station months was A,
9.6%; B, 21.9%; C, 68.4%; for ozone the distribution was A, 56.7%; B, 30.9%: C
12.4%. Interpolated values did not differ significantly from actual values, though there
was a tendency for the interpolated values to average slightly higher than the actual
values. Correlations between interpolated and actual values ranged from 0.60 to 0.92
except for TSP200, for which the correlation was 0.43. Lack of correlation between
actual and estimated ambient concentrations of air pollution would tend to bias the
statistical hypotheses tests of health effects towards the null hypothesis (7).

At the beginning of the study period, monitoring stations in California measured
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total oxidants. Between 1973 and 1980, ozone monitors replaced the total oxidant
monitors. The changeover was gradual, and some stations measured both total
oxidants and ozone simultaneously for a period of time. Our study used ozone data
whenever it was available and total oxidant data when ozone was not monitored. To
asses the effects on the consistency of our data, we correlated the monthly
exceedance frequency and mean concentration statistics for total oxidants and ozone
for those station-months during which both oxidants and ozone were monitored. There
were a total of 435 station-months during which both total oxidants and ozone were
monitored concurrently in the years 1974-1979 with the number of different stations for
a year ranging from 5 to 24.

Table Il summarizes: (1) paired t-tests for the differences of population means
of the monthly statistics for oxidant and ozone and (2) correlations between exceedance
frequencies and mean concentration of the two pollutants. Monthly cumulations were
first computed separately for working hours, and non-working hours; then t-tests and
correlation coefficients were computed for the pooled data. Mean concentrations did
not differ significantly, although each mean of an exceedance frequency for ozone was
slightly higher than the corresponding mean for total oxidants, and the differences were
statistically significant. Correlations between pairs of exposure indices for oxidants and
ozone exceeded 0.90. Because of these high correlations, we felt justified in combining
oxidant and ozone measures when cumulating over long time periods. In subsequent
papers, we shall just refer to ozone, though some of the cumulations include total

oxidant data from the time period when ozone was not measured.
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DISCUSSION

We have described methods for cumulating ambient concentrations of air
pollutants over long periods of time in a manner which allows application of these
ambient concentrations to an epidemiological cohort study. The methods allow
interpolation of ambient concentrations to areas of study participants’ work location and
residence history, provided they are within representative distances from monitoring
stations. Indices used to characterize cumulative concentrations incorporate thresholds
to allow for direct application of epidemiological findings to existing air quality standards.
The methods used facilitate application to a somewhat mobile human study population
where mobility can be - both in terms of time periods within a day, such as work
location and home location, as well as temporary or permanent relocation of worksite
or residence. The methods incorporate ways of dealing with missing air pollution data
as well as short-term missing residence history periods or short term stays in locations
away from areas covered by interpolations from monitoring stations. The missing data
methods incorporate quality rating flags so that sensitivity analyses can be conducted
to determine the impact of missing data and poor quality data on epidemiological
findings.

The question arises as to how valid the estimates of cumulative ambient
concentrations are in relationship to the validity of measures of exposuré used in other
epidemiological studies such as studies of diet and cancer, exercise and cancer, etc.
For assessment of such validity, the statistic which is often used is the Pearsén’s

correlation between the crude measure and a more accurate measure. We will call this
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correlation the "validity" correlation. It is generally recognized that in the context of
epidemiological research where it is the relative ranking of the study population on the
exposure variable being measured that is most important, the correlation coefficient is
a more important guide than agreement of absolute quantitative values. Our validity
correlations compare favorably with those of other epidemiological studies which range
from 0.38 to 0.51 for exercise scales and 0.4 to 0.8 for dieting indices. (8-18)

The validity correlations which we observed in our validation study are probably
a lower bound on what would be achieved for the actual study population due to the
fact that the spacial distribution of monitoring stations available for the validity study was
such that the interpolations had a higher percentage of the poorer C quality
interpolations (68% for TSP and 12% for ozone) than did the interpolations actually
used for the study population (35% for TSP and 2% for ozone).

There was an insufficient number of monitoring stations within each quality rating
to allow adequate assessment of validity within each type of quality category. Quality
ratings, however, are still valuable as they allow a sensitivity analyses to be
incorporated when assessing associations with health effects.

The methods which have been described have sought only to estimate long-term
ambient concentrations of air pollutants in the areas of work location or residence of
study participants. They have not éttempted to estimate actual exposure of study
participants to these estimated ambient concentrations. Actual exposure would vary
according to percent of time spent indoors, type of heating and air conditioning at home

and at work, building penetration characteristics, indoor sources, etc. A number of
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studies have sought to develop adjustment factors which could be applied to ambient
concentrations or could take into account known indoor sources and thus be used for
estimating exposures for various microenvironments. These factors are summarized
by Winer (19) with application to the South Coast Air Basin where 2/3 of our study
participants reside.

Future work will seek to adjust cumulative ambient concentration estimates for
our population by incorporating some adjustment factors. Although such adjusted
estimates may crudely represent exposure, to incorporate such adjustments will require
many assumptions regarding the stability of lifestyle characteristics of study participants
over time periods of up to 21 years.

We feel it is a useful check on such assumptions as well as other assumptions
implicit in the modeling approach to relate health effects directly to estimated long-term
ambient concentrations. In our analyses of health effects, indoor sources, such as
cigarette smoking, which are especially relevant for TSP have been incorporated as
covariates in the statistical models. Also, since the ambient concentrations are
monitored for regulatory purposes it is useful to relate health effects ultimately to

ambient concentrations.
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Table 1.-Comparison of Actual Vs. Interpolated Two Year Cumulative
Exceedance Frequencies And Mean Concentrations at Monitoring Stations
For Total Suspended Particulates and Ozone for 1985 and 1986.

A. Total Suspended Particulates (n= 142 stations)

Actual Interpolated Paired

Hrs> 60 mcg/m® 78275  8238.4 151 013 0.74
Hrs> 100 mcgm3  2897.8  3166.0 138  0.17 0.75
Hrs>150 mcg/m3  841.4 956.7 112 0.26 0.60
Hrs>200 mcg/m3 2795 336.1 112 0.27 0.43

Total Hrs. Mean
Concentration
mcg/m?® for 2 yrs. 63.0 65.7 1.85 0.07 0.83

B. Ozone (n=126 stations)

- Actual Interpolated Paired
Hrs> 10 pphm

Home:* 167.7 167.9 0.8 04 0.85
Work:™ 126.2 127.2 0.1 0.9 0.81

Hrs> 12 pphm
Home:* 87.6 96.9 1.1 0.3 0.85
Work:™ 67.4 70.5 0.5 0.6 0.85

Hrs> 15 pphm .

Home* 38.9 44.2 1.1 0.3 0.82
Work:™ 28.3 30.5 0.8 0.5 0.86

Hrs> 20 pphm
Home:* 9.3 104 0.7 0.5 0.76
Work:™ 5.7 6.1 0.4 0.7 0.80

Hrs> 25 pphm

Home:* 17 2.0 0.6 0.6 0.70
Work:™ 09 0.9 0.2 0.8 0.63

Mean Concen-

tration pphm
Home:* 1.2 1.2 -0.3 0.8 0.92
Work™ 5.5 5.3 -1.7 0.09 0.80

Cumulations for "home" hours 5 p.m.-8.a.m. and all day weekends and holidays.
Cumulations for "work" hours 8 a.m.-5 p.m. weekdays, excluding holidays.
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Table 2.-Comparison of Monthly Cumulative Exceedance Frequencies, Excess
Concentrations, and Mean Concentrations for Total Oxidants and Ozone for The
435 Station Months Where Both Were Simultaneously Monitored

Total OX* Ozone*
Monthly Monthly

Statistic Mean Mean Paired t P Correlation
Hours
>10 pphm 27.7 30.6 7.2 <0.001 0.98
>12 pphm 20.0 227 7.4 <0.001 0.98
>15 pphm 121 14.6 7.8 <0.001 0.97
>20 pphm 49 6.5 6.6 <0.001 0.93
>25 pphm 1.7 27 6.6 <0.001 0.90

Mean Concentration
pphm 2.59 2.57 -0.81 042 °- 0.94
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ABSTRACT

Cancer incidence and mortality in a cohort of six thousand non-smoking Seventh-
day Adventist residents of California were monitored for a six-year period, and
relationships with long-term ambient concentrations of total suspended particulates
(TSP) and ozone (OZ) were modeled. Ambient concentrations were expressed in terms
of both mean concentrations and exceedance frequencies, the numbers of hours during
which concentrations exceed specified thresholds. The thresholds included federal and
California air quality standards. Risk of malignant neoplasms in females increased with
increasing exceedance frequency for all TSP thresholds except the .Iowest, and these
increased risks were highly statistically significant. Increased risk of respiratory cancers
was associated with only one threshold of OZ, and this result was of borderline
significance. These results are presented in the context of setting standards for these

two air poliutants.




INTRODUCTION

Adverse health effects associated with ambient air poliution have been the
subject of scrutiny by environmental scientists for a large part of the twentieth century
(1,2). There is evidence that air pollution contributes to morbidity from airway
obstructive disease and other forms of respiratory disease, cancer, and cardiovascular
disease (3, 4). There is a considerable amount of difficulty in evalua;ing this evidence,
however, because the effects of tobacco smoke are difficult to separate from the effects
of air pollution, especially in urban areas where the numbers of smokers and
concentrations of air pollutants are higher than in more rural areas. Cigarette smoking
has been implicated in the etiology of cardiovascular disease, respiratory diseases, lung
cancer, and several other forms of cancer in humans (e.g., cancers of the bladder and
pancreas).

The great majority of the studies of air pollution and cancer in humans have been
epidemiologic investigations utilizing the cross-sectional or correlational design (5, 6).
In this approach, indices of air pollution in certain geographic locales have been
correlated with the age-adjusted cancer mortality rates in the same areas, with or
without adjustment for consumption of cigarettes. Most of these studies have not
demonstrated increased cancer risk with increasing levels of air pollution. However, in
many instances this inability to detect relationships may have been due to limitations
in study design, poor statistical power, or other methodological weaknesses.

Seventh-day Adventists provide a unique opportunity for investigating the health

effects of ambient air pollutants with very littte confounding by tobacco smoke. By



church proscription, Seventh-day Adventists do not use tobacco or ;alcohol. They do,
however, differ widely in their contact with ambient air pollution by virtue of their choice
of residence and occupation. This variability in pollution exposure makes possible the
evaluation of the relationship between exposure and health effects with very little
confounding by tobacco smoke.

In this report we present the risks of cancer associated with long-term exposure
to ambient concentrations of total suspended particulates (TSP) and ozone (OZ) which
were observed in a cohort study of non-smoking California Seventh-day Adventists.

METHODS

The study design and measurement of ambient air pollution have been described
in the previous paper (7).

Enroliment of the study population.

In April of 1977, a subgroup of 6,340 members of the National Cancer Institute-
funded Adventist Health Study were enrolled in a prospective epidemiological study for
the primary purpose of studying the health effects of long-term cumulative contact with
air pollution. By religious proscription, Seventh-day Adventists neither use tobacco
products nor drink alcoholic beverages, but do experience widely differing levels of air
pollution exposure. To be included in the study, individﬁals must have met the following
criteria;

* Twenty-five years or older at the time of completing the Adventist Health Study
questionnaire in 1974.

*Member of the Seventh-day Adventist church at the time of enroliment in the Adventist




Health Study.

* Non-Hispanic white (although individuals of all races completed questionnaires, only
non-Hispanic whites were followed for cancer and heart disease surveillance).

* Lived 10 years or longer within five miles of their present residence.

* Resided in one of three metropolitan areas - San Francisco, Los Angeles and
eastward (South Coast Air Basin), or San Diego, or be included in a random sample of
862 individuals residing in the rest of California.

Individuals meeting these criteria were mailed a baseline questionnaire which
ascertained their residence history by month and zip code since 1960 as well as
lifestyle habits pertinent to relative air poliution exposure such as work location, hours
driving on crowded freeways, percent of time indoors/outdoors, etc. They also
completed the National Heart, Lung, and Blood Institute (NHLBI) respiratory symptoms
questionnaire which was used to ascertain self-reported symptoms of chronic
respiratory disease. In addition, detailed smoking histories were obtained as well as
histories of ever having lived or worked with a smoker and the duration of these
exposures. The response fraction to the baseline questionnaire was 87%. A wide
range of other lifestyle data (such as demographic and dietary information) were already
available on these individuals as part of the Adventist Health Study database.

Cancer Monitoring Program.

Incidence: A surveillance system consisted of annual mailings to every member
of the cohort between April 1, 1977 and December 31, 1982 requesting information on

any hospitalization in the previous 12-month period of follow-up. If a hospitalization was



reported, the name and address of the appropriate hospital was recorded and
permission to review the resulting medical record was obtained. Adventist Health Study
personnel reviewed all medical records for a diagnosis of cancer or cardiovascular
disease. Pertinent portions of the medical records were microfimed to allow a
confirmation of the diagnosis by senior medical personnel. Follow-up in this fashion
was complete for 99% of the cohort. Computerized record linkage was conducted with
those areas of the state of California with population-based tumor registries (The
Cancer Surveillance Program in Los Angeles County and the Resource for Cancer
Epidemiology in the San Francisco Bay area) (8).

Mortality: Three mechanisms were utilized to monitor mortality in the study
population. These included (1) computerized record linkage with the California death
certificate file (2) computerized record linkage with the National Death Index and (3)
manual linkage with SDA church records. The above three mechanisms identified
deaths in the study population during the follow-up period (1977-1986).

Statistical Methods

Adjusted relative risks (ratios of incidence rates) are presented for average
annual exposures to TSP and OZ exceeding cutpoints versus lower exposures. The
relative risks have been adjusted for relevant covariates, including a;ge, sex, and past
smoking history.

Mantel-Haenszel analyses were performed for each outcome before the more
sophisticated analyses with proportional hazards regression models. These analyses

categorize continuous variables and thus avoid any assumptions of linear or additive




effects. Their disadvantages are the loss of statistical power due to this categorization
and their inability to adjust for more than a few covariates (two covariates, with the
sample size of the present study). The results of the Mantel-Haenszel analyses should
not be considered conclusive, but should be used only as a check on the multivariate
models.

The Mantel-Haenszel analyses were age-adjusted using the strata 25-44 years,
45-64 years, 65-79 years, and 80 years and older. Cumulative annual average
concentrations and their annual average exceedance frequencies above several
thresholds were used as indices for long-term ambient concentrations of TSP and OZ.
Two cutpoints for each index of exposure were determined from the index’s cumulative
distributions for the subcohorts residing inside and outside the SCAB. There was not
much overlap between the distributions of the generally lower ambient concentrations
outside the SCAB and ambient concentrations inside the SCAB. Thé lower of the two
cutpoints was the 90th percentile of ambient concentrations outside the SCAB, and the
higher cutpoint was the median of all higher ambient concentrations.

Cox proportional hazards regression models (9) for the cancer incidence and
mortality outcomes which controlled for several covariates were fitted by the BMDP2L
stepwise procedure (10). Cumulative ambient concentrations of TSP and OZ were
represented by annual average concentrations and annual average exceedance
frequencies above thresholds for two time periods (1/66-3/77 and 1/73-3/77). The
second later time period was allowed as an alternative for the longer time period in the

models as it was felt that ambient pollutant monitoring was more representative of that



experienced in the locations of study participants during this later period due to an
increased number of monitoring stations. Since all study participants had lived in their
1977 neighborhood for at least 10 years, it was felt that the later time period might
provide a better ranking of the relative ambient concentrations experienced by study
subjects for the longer time period. Cumulative ambient concentrations for the two time
periods were allowed to compete for entry in the stepwise selection process used for
original model formulation. Separate models were fitted for annual average
concentrations and for exceedance frequencies above each tﬁreshold. Time-
dependent Cox regression and analyses were also performed using the average
pollutant exposures between 1/73 and the time: of risk set as the exposure variables.

Models involving ambient concentrations of TSP and OZ were fitted separately.
Models were first fit for TSP using exceedance frequencies for the threshold of 200
micrograms per cubic meter (TSP200) and ozone using exceedance frequencies for
the threshold of 10 parts per hundred million (OZ10). For each pollutant the variables
selected for these thresholds were then used for the other thresholds as well as mean
concentration. The primary candidate independent variables - total years of smoking,
gender, and education -- were forced into each model. Age was not among the
covariates because age, instead of time on study, was used as the time variable in the
" models as recommended by Breslow (11). The secondary candidate independent
variables considered for entry into the models were: years lived with a smoker, years
worked With a smoker, and past or present employment in an occupation having high

exposures to airborne contaminants. A list of the occupations in which study
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participants had high exposures is given in Euler et al (3).

The pollutant exposure variable or variables and the secondary candidate
variables competed for entry by the stepwise selection procedure. )\n F to remove of
0.15 and an F to enter of 0.10 were used to terminate the stepwise procedure. The
final models chosen required an F to enter of 0.05 or less.

Interactions between TSP or OZ and the other covariates were assessed by
including first-order cross-product terms in the model, then removing them and noting
the change in the log-likelihood.

RESULTS

Three different disease outcomes were analyzed in this analysis: All malignant
neoplasms for males, all malignant neoplasms for females, and respiratory cancers in
all subjects. All malignant neoplasms in males and females were analyzed separately
because some cancer sites are sex-specific.

The distributions of the air poliution variables and relevant covariates (e.g. past
history of smoking, education) are shown in Table 1. Approximately 62% of the study
population resided within the South Coast Air Basin. Between the start of follow-up on
April 1, 1977 and the end of incidence follow-up on December 31, 1982, there were 290
newly diagnosed cancers (ICDO 140-200) detected in the population. Only seventeen
respiratory cancers were diagnosed. During the mortality follow-up period, 1977-1 986,
there were 180 cancer deaths.

CANCER INCIDENCE

The results of the stepwise regressions indicated that exceedance frequencies



during the time period 1/73-3/77 were most closely associated with cancer risk between
1977 and 1982. For this reason, average annual exceedance frequencies during this
time period were used in the regression analyses. However, all results were checked
by using exceedance frequencies for the longer time period, 1966-1977, and only minor
differences in the results were noted. The Cox proportional hazards regression models
which were fitted each included exceedance frequency variables for a threshold of TSP
or OZ, as well as covariates including gender, education, total years of past smoking
and past or present employment in occupations involving exposure to airborne
contaminants. (Occupational exposures were included for males only, since females
lacked sufficient exposure). The passive smoking variables did not contribute
sufficiently to the fit of the model to be included.

The resuit of the multivariate analysis of TSP200 is shown in Table 2. For 1,000
hours per year in excess of this threshold, the relative risk for all malignant neoplasms
among females is 1.37, which is statistically significant (p<0.05). For respiratory
cancers (Table 3) the relative risk for 1,000 hours in excess is 1.72; however, this risk
is.not statistically significant.

Relative risk contour plots for the associations between all malignant neoplasms
in females and TSP exposures are shown in Figure 1. The relative risks for all
thresholds except TSP60 are statistically significant. Figure 2 displays the "dose-
response” type curves for the various thresholds of TSP.

The results of the multivariate TSP analyses fdr the other thresholds and for

mean concentration are presented in Table 4. Separate Cox regressions were used




for each threshold with the same covariates as for TSP200. Statistically significant
increases in cancer risk are seen among females for all thresholds except for TSP60.
The magnitude of the increased risk for females is approximately 40-60%. Two-fold
increases in risk are observed for the respiratory cancers, although these risks are not
statistically significant.  Again, there is no relationship between TSP ambient
concentrations and cancer incidence in the maies.

The results of the Cox regressions relating respiratory cancer incidence and OZ
ambient concentrations are presented in Table 5. For 500 hours in excess of OZ10, the
relative risk for respiratory cancer is 2.25, which is of borderline statistical significance.
Statistical significance was not achieved for any of the other thresholds or for mean
concentration. The results of the Cox proportional hazards regression analysis were
very similar to the results which were obtained in the Mantel-Haenszel stratified
analysis. In the stratified analysis only age and sex were controlled.

MULTI-POLLUTANT ANALYSIS

We evaluated the relative contributions of TSP and OZ to cancer risk by
comparing the contributions of the TSP and OZ thresholds most strongly associated
with risk in both the Mantel-Haenszel and the Cox regression analyses - 200 mcg/m?3
for TSP and 10 pphm for OZ. Exceedance frequencies for these thresholds were
allowed to compete for entry into a stepwise Cox regression procedure into which terms
for gender, education and total years of past smoking had already been entered. For
respiratory cancer OZ10 entered the model with a p to enter value which was of

borderline statistical significance (p =0.055), and TSP200 did not enter. For all
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malignant neoplasms among females, TSP200 entered the model (p to enter = 0.038),
but 0Z10 did not.
CANCER MORTALITY

The same Cox proportional hazards regression models were fit to the mortality
data as were fit to the incidence data. Covariates included total years of smoking and
education (as a surrogate measure of social class). Past or present experience in an
occupation with high levels of airborne contaminants was also included for the males.
Increasing average annual hours of exposure to TSP above the various thresholds were
associated with increased risk of malignant neoplasms in males but not for females.
Respiratory cancer risks were elevated but were not statistically significant. The
increased risks for the males for the different thresholds of TSP were of borderline
statistical significance (p = 0.04-0.06).

For OZ, there were no statistically significantly increased risks of malignant
neoplasms in either males or females. For the respiratory cancers, only one threshold
level approached statistical significance (0Z20; p =0.07).

DISCUSSION

The associations between long term ambient concentrations of TSP and OZ and
cancer incidence and mortality rates in this study were observed in a unique population
of currently non-smoking California Seventh-day Adventists. The lower cancer mortality
rates of Adventists (12) may be partially due to their lifestyles; they do not consume
tobacco or alcohol, and are vegetarians. Moreover, to ensure residential stability for

a prolonged time period, participants in this study must have lived within five miles of
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their 1977 residence for at least ten years. Cancer incidence reporting in this
population between 1977 and 1982 has been shown to be nearly 100% complete (13)
and loss to follow-up has been minimal.

In this population, increasing long-term ambient concentrations of TSP was
associated with increased risk of all cancers combined among females, and the largest
increases in risk estimates occurred among the smoking-related respiratory cancers
(Larynx, lung, pleura). Risk of all newly diagnosed cancers in females increased with
increasing threshold levels of TSP and were statistically significant for all thresholds of
100 mcg/m3 or more, although this increase in risk was not observed among males.
For females, this excess risk was approximately two-fold in the age-adjusted Mantel-
Haenszel analysis and of similar magnitude in the multivariate Cox analysis. For the
smoking-related respiratory cancers, the corresponding risk increases were threefold
and greater.

For OZ, there were statistically significant increases in respiratory cancer risk and
risk of all malignant neoplasms in females was elevated, though not significantly so.

The analysis of cancer mortality showed somewhat stronger (though non-
significant) results in the males than females, however. These results were observed
after an increase in the follow-up period by an additional four years for the mortality
analysis.

An explanation of the higher cancer incidence risk in females associated with
TSP is not immediately apparent. Much smaller percentages of the females had been

exposed to tobacco smoke and occupational fumes and dust. Only 14% of the females
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had a history of past smoking, compared to 36% of the males. Moreover, only 5% of
the females had smoked for ten years or more, whereas 17% of the males had smoked
that long. In addition, only 1% of the females reported having ever worked in a
hazardous occupation where exposure to fumes and dust was common (compared to
14% of the males). There is some evidence that the increased risk of lung cancer
associated with urban living is more apparent in non-smokers than smokers (1, 14 and
15). This is consistent with females’ stronger relationship between ambient
concentrations of TSP and cancer incidence in this study.

Particulate matter in ambient air is known to contain substances which exhibit
carcinogenic activity in experimental systems (16). The polycyclic aromatic
hydrocarbons have received the most attention; several are known to be carcinogens
in both animals and humans (17). A direct relationship between increasing exposure
to TSP and increasing cancer incidence and mortality rates would therefore be
expected. Earlier work has suggested a relationship between ambient sulfates and
particulates in relation to total mortality among 117 S.M.S.A. in the U.S. in 1960 (18).
One of the criteria proposed by Sir Austin B. Hill (19) for invoking a causal relationship
between two variables is the presence of a biologic gradient. Such gradients are
evident in our data.

Although the majority of studies attempting to evaluate the air pollution-cancer
relationship have focused on lung cancer (e.g. 20), several studies have investigated
relationships with cancer at all sites and non-respiratory tract cancers. For example,

Winkelstein and Kantor found that both stomach and prostate cancer mortality rates
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were higher in the area of Buffalo, New York with higher TSP pollution than in the less
polluted areas (21, 22). Other investigators noted significantly higher mortality rates for
cancers of the stomach, esophagus, and bladder in more highly polluted areas of
Nashville, Tennessee than in less polluted areas (23). In the present study, large
increases in risk of respiratory cancer were found to be associated with elevated TSP
ambient concentrations, yet increased risks for all malignant neoplasms were also
observed, especially in females. These increased risks suggest that high ambient
levels of TSP may have both local and systemic effects on cancer induction. Tobacco
smoke exhibits similar effects. It greatly enhances the risk of tumors arising in the
bronchial lining of the lung, which has a direct, intimate contact with the smoke, but also
enhances the risk of cancers in the pancreas and bladder, which are exposed to
carcinogenic metabolites of various tobacco constituents (24).

Only one case-control study of air poliution and lung cancer has been reported
to date (25). In that study of white males, cases (n=417) and controls (n =752) were
selected from residents of areas of high, medium, or low TSP levels (the maximum level
was 200 mcg/m3). The authors reported a non-significant odds ratio of 1.26 for
residence in the high pollution area. Despite these findings, the authors pointed out
that there was increased lung cancer risk from smoking and occupational exposure if
there was also long-term exposure to air pollution.

This study has several strengths which have generally been lacking in previous
Studies of relationships between concentrations of ambient air pollutants and risks of

cancer. The study was prospective in nature and was based on a population of
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currently non-smoking Seventh-day Adventists who were geographically stable for a
period of at least ten years prior to the beginning of follow-up for cancer incidence and
mortality. These characteristics of the study population would remove confounding due
to current smoking and limit any bias due to migration patterns during the follow-up
period (either out-migration to escape the relatively polluted areas under study or in-
migration). It is possible however, that individuals most sensitive to air pollution move
out of higher poliution areas before 10 years has elapsed and thus would fail to be
included in our study population. If this is the case, the net result would be to bias our
results towards the null. All incident cancers were diagnosed beginning in 1977,
whereas ambient air pollution concentrations were ascertained beginning in 1966.

The majority of prior studies have relied upon inexact measures of ambient
concentration levels for study subjects. These have attempted to characterize
individual experience by using census tract level measurements (2) as well as county
and even state wide levels of measurements. The dangers of inferring exposure-
disease relationships at the individual level by using aggregate exposure data are well
known. We have the same problem to a degree.

The analysis of respiratory cancer was plagued by the small number of events
during the six year period of follow-up (n=17). We plan to extend the mortality follow-
up for an additional four years and to conduct a nested case-control study within the
cohort with a larger number of respiratory cancer cases and an appropriate reference
group.

Another limitation of the present study is that ambient concentrations of TSP and
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OZ were evaluated but indoor concentrations were not. There are no known sources
of ozone indoors and the indoor/outdoor concentration ratio for ozone has been
estimated to range from 0.1 to 0.7 (26). It is, therefore, likely that our population’s
actual exposures to ozone are considerably smaller than our estimates of ambient
concentrations. Therefore, our findings of increased risk are most likely conservative
with respect to magnitude of effect.

Efforts are currently underway to apply adjustment factors to ambient
concentrations using housing characteristics and estimates of percent of time spent
outdoors for surviving members of the cohort. These efforts may enable crude
estimates of exposure to ambient pollutants to be formed. It will not be possible,
however, to form such exposure estimates for study participants who are deceased or
lost to follow-up, nor to retrospectively apply such estimates to residence histories prior
to 1977 when the study began. Thus for studying associations with cancer incidence
and mortality for which long latency periods are expected, this study is limited to
ambient concentrations. The uncontrolled variability thus introduced would bias
hypotheses tests towards the null which may explain lack of statistical significance for
ozone effects. (27)

As a further check on our results we restricted interpolations to be within the A
or B quality range, considered representative by EPA and we ran the final regression
models using TSP200 and TSP mean concentration as the exposure variables. For
TSP this reduced the number of individuals available for analysis by approximately one-

half. The regression coefficients were essentially unchanged for the cancer outcomes,
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after applying these restriction criteria.

Relating health effects directly to ambient community concentrations is however
relevant, since air quality standards are regulated by ambient concentrations.

The same problems apply to TSP, although one of the primary sources of indoor
TSP is cigarette smoking, which has been taken into account in the present analysis.
However, the most recent work suggests that TSP may not be the best measure of
toxic particulates suspected of causing adverse health effects. The fine particulate
fraction of TSP (<2.5 microns in aerodynamic diameter) is currently considered the
most hazardous. Present plans call for estimating fine particulate exposures as well as
exposures to NO,, SO,, and SO‘4 in our ongoing prospective study.

Finally, there are problems in statistically separating the effects of air pollutants
whose concentrations in the ambient air are highly correlated. Human chamber studies
may be able to untangle this multi-colinearity, but such studies are not feasible for free-
living human populations.

In summary, cancer incidence and mortality risk were clearly associated with
increasing exposure to ambient TSP levels in this unique population of non-smokers.

Cancer incidence appeared to be more closely associated with TSP in the females.
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TABLE 1
FREQUENCY DISTRIBUTIONS OF PAST AND PASSIVE SMOKING
VARIABLES, AIR POLLUTION VARIABLES AND COVARIATES IN
THE AHSMOG INCIDENCE COHORT

FEMALES MALES
VARIABLE N = 4063 N = 2277
History of Smoking No. % No. %
Never 3504 (86) 1450 (64)
Past Only 559 (14) 827 (36)
Pack Years of Cigarette Smoking
None 3475 (86) 1484 (65)
<10 pack years 335 (08) 339 (15)
>10 pack years 196 (05) 390 (17)
Unknown 57 (01) 64 (03)
Total Years of Smoking
Never 3519 (87) 1507 (66)
1-9 years 292 (07) 312 (14)
>10 years 246 (06) 429 (19)
Unknown 6 (01) 30 (01)
Age (4-1-77)
25-44 years 698 (17) 358 (16)
45-64 years 1863 (46) 1170 (51)
65-80 years 1149 (28) 599 (26)
>80 years 353 (09) 150 (07)
Education _
Some high school 868 (21) 417 (18)
High school grad 695 (17) 249 (11)
Some college 1715 (42) 743 (33)
College grad 760 (19) 856 (38)
Unknown 25 (01) 12 (01)
Occupational Air Pollution
No 4026 (99) 1964 (86)
Yes 37 (01) 313 (14)
Years lived with a smoker
Never 2119 (52) 1508 (66)
1-9 years 403 (10) 236 (10)
>10 years 1541 (38) 533 (23)
Unknown -0- (0) -0- (0)




TABLE 1 (CONT'D)
FREQUENCY DISTRIBUTION OF PAST AND PASSIVE SMOKING
VARIABLES, AIR POLLUTION VARIABLES AND COVARIATES
IN THE AHSMOG INCIDENCE COHORT

FEMALES MALES
VARIABLE N = 4063 N = 2277
Years worked with a smoker
Never 2512 (62) 1183 (52)
1-9 years 815 (20) 392 (17)
210 years 736 (18) 702 (31)
Unknown -0- (0) -0- (0)
*South Coast Air Basin
Outside 1305 (32) 738 (32)
Inside 2533 (62) 1381 (61)
Mixed 225 (06) 158 (07)
TSP60 Average Annual Exposure™
Unknown 141 (03) 63 (03)
<6000 hrs/yr. 1276 (31) 710 (31)
6001-7500 hrs/yr. 1563 (38) 866 (38)
> 7500 hrs/yr. 1083 (27) 638 (28)
TSP100
Unknown 141 (03) 63 (03)
< 3000 hrsfyr. 1455 (36) 804 (35)
3001-5000 hrs/yr. 1473 (36) 815 (36)
>5000 hrs/yr. 994 (24) 595 (26)
TSP150
Unknown 141 (03) 63 (03)
<750 hrs/yr. 1442 (35) 795 (35)
751-2000 hrs/yr. 1406 (35) 778 (34)
> 2000 hrs/yr. 1074 (26) 641 (28)
TSP200
Unknown 141 (03) 63 (03)
<125 hrs/yr. 1287 (32) 709 (31)
126-1000 hrs/yr. 1814 (45) 987 (43)
> 1000 hrs/yr. 821 (20) 518 (23)
TSP Mean Concentration
< 92.41 mcg/m3 1361 (35) 758 (34)
92.41-114.37 mcg/m3 1260 (32) 696 (31)
> 114.37 mcg/m 1268 (33) 760 (34)
* Residence inside or outside the South Coast Air Basin, 1973-1977

Average annual hours of exposure to indicated threshold of total suspehded
particulates (e.g. 60 or more micrograms per cubic meter) 1973 to earliest of 1)
date of censoring, 2) date of death or 3) Dec. 31, 1982.
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TABLE 1 (CONTD)

FREQUENCY DISTRIBUTION OF PAST AND PASSIVE SMOKING

VARIABLES, AIR POLLUTION VARIABLES AND COVARIATES
IN THE AHSMOG INCIDENCE COHORT

FEMALES MALES
VARIABLE N = 4063 N = 2277
0Z10 No. (%) No. %
Unknown 37 (01) 0 (0)
<60 hrs/yr. 1442 (35) 774 (34)
60-600 hrs/yr. 1426 (36) 865 (38)
> 600 hrs/yr. 1138 (28) 638 (28)
0Z12
Unknown 37 (01) 0 (0)
<25 hrs/yr. 1381 (34) 751 (33)
25-400 hrs/yr. 1503 (37) 706 (31)
> 400 hrs/yr. 2925 (28) 820 (36)
0Z15
Unknown 37 (01) 0 (0)
<8 Hrs/yr. 1463 (36) 797 (35)
8-200 Hrs/yr. 1463 (36) 842 (37)
> 200 Hrs/yr. 1097 (27) 638 (28)
0220
Unknown 37 (01) 0] (0)
<1 Hr/yr. 1463 (36) 797 (35)
1-50 Hrs/yr. 1300 (32) 774 (34)
>50 Hrs/yr. 1260 (31) 706 (31)
0Z225
Unknown 37 (01) 0 (0)
0 Hrs/yr. 1463 (36) 797 (35)
>(0-10 Hrs/yr. 1016 (25) 569 (25)
> 10 Hrs/yr. 1544 (38) 911 (40)
OZ Mean Concentration
<2.6 pphm 1779 (46) 1000 (46)
2.6-3.1 pphm 1138 (29) 686 (31)
>3.1 pphm 952 (25) 503 (23)
* Residence inside or outside the South Coast Air Basin, 1973-1977
> Average annual hours of exposure to indicated threshold of total suspended

particulates (e.g. 60 or more micrograms per cubic meter) 1973 to earliest of 1)
date of censoring, 2) date of death or 3) Dec. 31, 1982.
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TABLE 2
COX PROPORTIONAL HAZARDS REGRESSION FOR ALL MALIGNANT NEOPLASMS
AMONG FEMALES, 1977-82, WITH HOURS AVERAGE ANNUAL CONCENTRATION
IN EXCESS OF 200 MCG/M3® OF TOTAL SUSPENDED PARTICULATES AS THE
AIR POLLUTION EXPOSURE VARIABLE

(N = 4063, Cases = 175)

Regression Relative 95% C.l. for
Variable Coefficient  Increment®  Risk® Relative Risk
TSP (Hrs. in Excess 0.0003174* 1000 hr/yr. 1.37 1.05, 1.80
of 200 mcg/m3)"
Total Years Smoked 0.0223 10 years 1.25 0.98, 1.59
Education 0.0424 4 years 1.18 0.94, 1.50

(1) Average annual hours in excess of 200 mcg/m3 1973-1977.

(2) Increment for computations of relative risk.

(3) Relative risk of increase in exposure of one increment, holding other variables in
model constant.

*p <0.05
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TABLE 3
COX PROPORTIONAL HAZARDS REGRESSION FOR RESPIRATORY CANCER,
1977-82, WITH HOURS AVERAGE ANNUAL CONCENTRATION IN EXCESS
OF 200 MCG/M? OF TOTAL SUSPENDED PARTICULATES AS THE AIR
POLLUTION EXPOSURE VARIABLE

(N = 6301, Cases = 17)

Regression Relative 95% C.I. for
Variable Coefficient  Increment®  Risk® Relative Risk
TSP (Hrs. in Excess 0.0005406 1000 hr/yr. 1.72 0.81, 3.65
of 200 mcg/m3)
Gender 0.9960 (F.M) 2.71 0.92, 7.98
Total Years Smoked 0.0384" 10 years 1.47 1.01, 2.14
Education 0.0246 4 years 1.10 0.60, 2.02

(1) Average annual hours in excess of 200 mcg/m3 1973-1977.

(2) Increment for computations of relative risk.

(3) Relative risk of increase in exposure of one increment, holding other variables in
model constant.

* p < 0.05
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TABLE 5
COX PROPORTIONAL HAZARDS REGRESSION FOR RESPIRATORY CANCER,
1977-82, WITH ANNUAL AVERAGE HOURS IN EXCESS OF 10 PPHM
OZONE AS THE AIR POLLUTION EXPOSURE VARIABLE

(n = 6301, Cases = 17)

Relative 95% C.I. for
Variable Coefficient  Increment®  Risk®® Relative Risk
Oxidants (Hrs. in 0.0016256* 500 hrs/yr. 2.25 0.96, 5.31
Excess of 10 pphm){")
Gender 1.2858" (F.M) 3.62 1.16, 11.25
Total Years Smoked 0.0333 10 years 1.40 0.93, 2.09
Education 0.0226 4 years 1.09 0.59, 2.03

(1) Average annual hours in excess of 10 pphm, 1973-1977.

(2) Increment for computations of relative risk.

(3) Relative risk of increase in exposure of one increment, holding other variables in
model constant.

*p <0.05
* p=0055
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ABSTRACT

Seventh-day Adventist non-smokers who had resided since 1966 within five miles
of their 1977 residence (N =3914), completed the National Heart, Lung, and Blood
Institute (NHLBI) respiratory symptoms questionnaire in 1977 and again in 1987. For
each participant cumulative ambient concentrations of total suspended particulates
(TSP) and ozone in excess of several thresholds were estimated month by month, by
interpolating ambient concentrations from state air monitoring stations to their residential
and workplace zip codes for the month. Relationships between ambient concentrations
of these air pollutants were evaluated in regard to several respiratory disease
outcomes. Multivariate analyses which adjusted for past and passive smoking and
occupational exposures indicated statistically significant (p < 0.05) elevated relative risks
for the incidence of asthma, defin&e symptoms of airway obstructive disease (AOD),
and chronic bronchitis in relation to increased average annual hours of TSP above a
number of thresholds. These elevated relative risks were observed for mean
concentration of these pollutants as well. There were no significantly elevated risks
associated with excesses of any threshold of ozone. Mean concentration of ozone,
however, was significantly associated with increased asthma incidence. Increased
severity of respiratory symptoms was significantly associated with a number of
thresholds of both TSP and ozone. These results are discussed within the context of

standards setting for TSP and ozone.
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INTRODUCTION

Seventh-day Adventists (SDA) provide a unique popuiation in which to evaluate
health effects of ambient air pollutants. By church proscription SDAs do not use
tobacco so that confounding by current smoking is not an issue in evaluating health
effects of air pollutants. In California, however, SDAs live in areas differing widely in
concentrations of ambient air pollutants and thus variability in exposure enhances power
to detect alteration in risk.

Previous papers (1,2,3) on this study termed the AHSMOG study have reported
associations between prevalence of definite symptoms of airway obstructive disease
(AOD) and long-term ambient concentrations of total suspended particulates (TSP), total
oxidants, nitrogen dioxide (NO,), and sulfur dioxide (S80,). In those papers the average
annual exceedance frequency for TSP60 was not significantly related with prevalence
of AOD although the exceedance frequencies for TSP100, TSP150 and TSP200 were.
Moreover, a highly statistically significant association between prevalence of definite
AOD symptoms and the average annual exceedance frequencies of ozone (02) 10,
0Z15 and 0Z20 was noted in that study.

The previous studies, however, were limited to the analysis of cross-sectional
data and the limitations of prevalence studies were addressed (2). Incidence data for
a ten year period are now available and are reported here. in this report we present
associations between long-term cumulative ambient concentrations of total suspended
particulates and ozone and the following adverse health effects: (1) the cumulative

incidence of definite symptoms of AOD, chronic bronchitis and asthma, 1977-1987 and



(2) the change in severity of these symptom complexes, 1977-1987.
METHODS

Enroliment and Follow-up of Cohort

All participants in the current study had completed a detailed lifestyle
questionnaire in 1976 as part of the Adventist Health Study, an N.I.H. funded study of
lifestyle and cancer in SDAs (REF). This questionnaire ascertained demographic and
dietary information as well as lifestyle factors thought to be related ta cancer and heart
disease incidence. In April of 1977, a subset (N = 7,445) of the subjects who completed
the AHS questionnaire completed the National Heart, Lung, and Blood Institute (NHLBI)
respiratory symptoms questionnaire as well which was used to ascertain self-reported
symptoms of chronic respiratory disease. In addition, detailed smoking histories were
obtained and histories of ever having lived or worked with a smoker and the duration
of these exposures. Residence and work location history was ascertained by month
and zip code since 1966. The questionnaire also ascertained lifestyle factors pertinent
to relative air pollution exposure such as occupational exposures, hours spent driving
on crowded freeways, percent of time spent indoors/outdoors, etc. The response
fraction to the 1977 questionnaire was 87%. Of the 7,445 individuals who completed
the April, 1977 questionnaire, 6,340 were followed prospectively for chronic disease
incidence and mortality. To be included in the prospective cohort, individuals must
have met the following criteria:

* Twenty-five years or older at the time of completing the Adventist Health

Questionnaire in 1974,
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* Baptized member of the Seventh-day Adventist church at the time of enroliment

in the Adventist Health Study;

* Non-hispanic white (although individuals of all races completed questionnaires,

only non-hispanic whites were followed in the cancer and heart disease

surveillance project);

* Living ten years or longer within five miles of the present residence;

* Residing in one of three metropolitan areas - San Francisco, the South Coast

Air Basin, (i.e. Los Angeles and eastward), or San Diego, or being included in a

random sample of 862 individuals residing in the rest of California.

Of the 5,261 individuals who were not deceased by April of 1987, 87% returned
the follow-up questionnaire. This questionnaire again ascertained the presence of
respiratory symptoms, the residence and work location history since 1977, and
household and lifestyle characteristics relevant to relative air pollution exposure.

Definition of Health Qutcomes

Computer algorithms were used to classify individuals as having chronic
bronchitis, asthma, or emphysema. These computer algorithms were based on 21
respiratory symptoms questions from the standard NHLBI questionnaire. Hodgkin (1)
lists the respiratory symptoms questions which were used and gives the percentage of
individuals having each symptom; they are explicitly defined by Abbey (4).

The computer algorithms classified individuals as having "definite” chronic
bronchitis, "definite" emphysema, or "definite” asthma. Individuals meeting the criteria

for one of these three diagnoses were classified as having "definite” airway obstructive



disease (AOD). To be classified as having "definite" chronic brqnchitis, individuals
must have had symptoms of cough and/or sputum production on most days, for at least
three months per year, for two years or more. For a diagnosis of "definite” asthma,
individuals must have been told by their physician that they had asthma, as well as
having a history of wheezing. For emphysema, subjects must have been told by their
physician that they had emphysema, as well as having shortness of breath when
walking or exercising. Individuals not meeting the criteria for "definite" symptoms for
a respiratory symptoms complex, but having some respiratory symptoms associated
with that complex, were classified as "possible”. In addition to a classification of
“none”, "possible”, or "definite” for each respiratory symptoms complex, a severity
score was developed for each respiratory symptoms complex as well as for overall
AQD to reflect the relative severity of the symptoms. The detailed definitions of these
scores are given in Abbey (4).

The computer algorithms were used to classify and score the individual’s
respiratory symptoms complexes as ascertained by questionnaire in 1977 and again
in 1987. Since there were an insufficient number of cases of emphysema to warrant
disease specific analyses for this outcome, we restricted analyses to the three
outcomes - AOD, chronic bronchitis, and asthma. Cumulative incidence for each of
these outcomes was defined as having definite symptoms in 1987 but not having

definite symptoms in 1977.
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Statistical Models

Multiple logistic regression models were used for studying associations between
cumulative incidence of definite respiratory symptoms and long-term cumulative
ambient concentrations of air pollution. Individuals having definite symptoms in 1977
were excluded from analyses which used cumulative incidence as an outcome.
Individuals having possible symptoms in 1977 were included in such analyses and a
covariate was included to this effect. Another set of statistical analyses used change
in the respiratory symptoms severity score as the outcome variable. All individuals
were included in these analyses, with a positive value of change in score indicating an
increase in severity of symptoms and a negative value indicating a decrease in severity
of symptoms. The 1977 symptoms severity score was used as a covariate in these
analyses. Multiple linear regression models were used for studying associations
between change in respiratory symptoms severity score and long-term cumulative
ambient concentrations of air pollutants.

Multivariate models were used in order to adjust for a number of covariates
simultaneously. The candidate covariates for the multivariate models are shown in
Table 1, along with their descriptive statistics for the cohort, including the mean values
and maximum values of continuous variables and the percent having zero or no
exposure to that variable. The mean values for age, education, TSP, and ozone are
averages over the entire cohort, including possible zero values as well as non-zero
values. For the other continuous variables in this table, such as years smoked in the

past, the mean value is given for only those individuals who had non-zero values, i.e.



only for those who have smoked in the past.

In order to ensure adjustment for demographic characteristics, three
demographic variables - gender, age, and education - were forced into all multivariate
analyses. Education was used as the best surrogate in this population for
socioeconomic level. As some Adventists work for the church for "missionary" wages,
we felt that education was a better indicator of socioeconomic level for this population
than income.

Stepwise selection procedures were used to determine a final model by selecting
from among the secondary variables (all those other than the demographic factors),
those variables which were most strongly and statistically significantly related to the
outcome variable. These stepwise procedures were stopped when additional candidate
variables entering the model failed to achieve statistical significance at the 0.05 level.
For the variables which represented cumulative exposures over time, such as passive
smoking and ambient air pollutants, three forms were allowed to compete with each
other for entry; these forms corresponded to lifetime through 1977, exposures from
1977 through 1987, and lifetime through 1987. For total suspended particulates and
ozone, "lifetime” was replaced with cumulations since 1973 which was used as a
surrogate for cumulations since 1966. It was felt that interpolations since 1973 were of
better quality since the number of monitoring stations greatly increased in 1973. The
final models were checked by replacing cumulations since 1973 with cumulations since
1966. I-n no case were significant changes in results noted.

Initial stepwise regression analyses were run separately for TSP and ozone, (i.e.




they were not allowed to compete for entry into the same model). The threshold levels
of 200 mcg/m® for TSP and 10 pphm for ozone (OZ10) were used for initial model
determination, since they were the most significantly related to prevalence of AOD in
previous analyses (5). Once a final model for TSP200 or OZ10 was determined, the
model was repeated, retaining the same set of covariates (but allowing their regression
coefficients to change) for the other threshold levels of the poliutant as well as for the
mean concentration. Finally, multi-pollutant models on which TSP and ozone competed
for entry were fitted.

After selection of a final model, interaction terms were construgted of each of the
other independent variables with the primary exposure variable - TSP200 or OX10.
These were added to the existing models to determine if they significantly improved the
fit of the model. None vof the interaction terms were significant on any of the models.

For some models, the “through 1977" form of TSP or ozone was selected. For
others, the "through 1987" form was selected. For only one model, that relating
asthma and OZ10, average annual exceedance frequency from 1977 to 1987 was
selected. When the "through 1977" form was selected, the regression model was re-
run using the “through 1987" form of the variable to see if it would change the
regression coefficient for that variable significantly. It did not. In every case, the 1977
and 1987 forms of exposure variables were highly correlated and were close
competitors in the stepwise selection process. We felt, however, that it was best to
allow the statistical selection process to choose the form which contributed best to the

model rather than to arbitrarily force in one or the other of the forms.



RESULTS
Cumulative Incidence of Definite Symptoms and TSP

Descriptive characteristics of the study population and the prevalence rates of
individual symptoms are given by Hodgkin (1). Individuals who had definite symptoms
in 1977 are excluded from the analyses of this section since C.1. is the outcome. The
models selected according to the stepwise multiple logistic regression procedure for
association of TSP200 and cumulative incidence of definite symptoms of AOD, chronic
bronchitis, and asthma, are shown in Tables 2, 3, and 4, respectively. TSP200 was
statistically significantly associated with incidence of the three types of definite
symptoms, with relative risks for an increase in average annual exceedance frequency
of 1000 hours per year ranging from 1.33 for incidence of chronic bronchitis to 1.74 for
incidence of asthma. Possible symptoms of that outcome in 1977 was the most
significant predictor of incidence of definite symptoms of each outcome.

Other covariates which were statistically significantly related with one or more of
the outcomes were: years smoked in the past, years lived with a smoker, years worked
with a smoker, whether or not an individual had definite symptoms of AOD in childhood
(betore the age of 16), and frequency of childhood colds. Gender, age, and education
were forced into each model to adjust for these demographic factors.

The only covariates other than the demographic factors which came into the
model for incidence of definite asthma were: years worked with a smoker and
prevalence of possible symptoms of asthma in 1977. The smaller number of covariates

which entered the model (i.e. were statistically significant) was due to the small number




of cases available for analysis. The fact that only "years worked with a smoker" and
"possible symptoms of asthma in 1977" came into the asthma model does not indicate
that other covariates were not statistically significantly related to incidence of asthma,
but only that these two were the most significantly related and other covariates did not
achieve statistical significance once they were in the model. This same principle holds
true for the covariates of other models as well.

The final models selected for each outcome were then re-run for each of the
other thresholds of total suspended particulates for exceedance frequencies of 60, 100,
and 150 mcg/m3 and for mean concentration. In re-running these final models, the
same sets of variables as for TSP200 were used, but the values of the regression
coefficients were allowed to change.

Using the methods described by Abbey (5), the relative risks for different
increments of average annual hours of ambient concentrations above the threshold
were determined for each threshold. The results are shown in Table 5. The regression
coefficient for average annual hours in excess of 60 mcg/m3 was not significantly
different from zero for any of the three outcomes, indicating no significantly increased
relative risks for this lowest threshold. The corresponding regression coefficients for
the thresholds 100, 150, and 200 mcg/m3, and mean concentration, were statistically
significantly (p <0.05) different from zero for cumulative incidence of AOD, and chronic
bronchitis indicating significantly increased relative risks for these thresholds. For
asthma, they were significantly different from O only for the thresholds 150 and 200

mcg/m3.
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Using the data from Table 5, "exposure-response"” type curves are plotted in
Figure 1, showing the relationship between relative risk of ten year cumulative incidence
of AOD and increasing threshold levels for fixed average annual hours above the
thresholds. Figure 2 shows relative risk contour plots for the cumulative incidence of
definite symptoms of AOD and average annual ambient concentrations of TSP. These
contour plots show the amounts of average annual ambient concentrations above the
thresholds which are associated with several for fixed relative risks. Such contour plots
can be useful for standard-setting, as they make possible determination of how many
hours of ambient concentrations in excess of a threshold should be allowed if one
wishes to keep relative risk to the public below a specified level. In making the curves
of Figure 1 and Figure 2, we were careful to avoid extrapolation. All data points are
within the range of ambient concentrations experienced by the population.

Change in Symptom Severity Score and TSP

The above analyses of cumulative incidence excluded individuals who had
definite symptoms in 1977. In order to allow these individuals to be included, we used
the change in the symptom severity score between 1977 and 1987 as an outcome
variable for each of AOD, chronic bronchitis, and asthma. Stepwise multiple linear
regressions were used to determine the form of the models for each of these outcomes
for TSP200. Table 6 shows the standardized regression coefficients for the variables
selected by the stepwise multiple linear regression for each outcome. Standardized
regression coefficients were used in this table as their magnitudes can be directly

compared as an indication of strength of association.
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The order of entry of each of the variables is also shown in the table. In the
initial model setting age, gender, and education were forced into each of the models
before the other variables were selected. Then the models were re-run allowing age,
gender, and education to compete for entry with those that had been included in the
initial models. Results from the latter models are presented in Table 6.

Average annual hours above TSP200 was significantly related to change in
severity score for each of the outcomes. With the exception of asthma, by far the
strongest associations with change in severity score were the initial 1977 symptoms
score. This score has a negative coefficient, indicating that those who had the highest
severity scores initially tended to increase their scores less than those who had lower
initial scores. This would be expected as there is little possibility of increasing scores
(worsening of symptoms) for those who have a high score initially. Education failed to
show a statistically significant (p <0.05) association with change in severity score for
any of the respiratory symptoms complexes. In addition, gender failed to show a
significant relationship with chronic bronchitis and age failed to show a significant
relationship with change in severity score for asthma. Three covariates - years smoked,
years of dust exposure at work, and years lived with a smoker - we;e not significantly
related to change in severity score for asthma. The distributions of these three
covariates for those who developed definite symptoms of asthma and those who did
not were compared and found to be similar.

Each of the multiple linear regressions of the changes in symptom score on

average annual exceedance frequency for TSP200 were repeated for the other
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thresholds of TSP. The respective regression models included the independent
variables that had entered into the models displayed in Table 6. All the regression
coefficients of pollutant exposure were statistically significant at the 5% level, except
for the chronic bronchitis coefficients for TSP60 and TSP100. The magnitudes of the
regression coefficients increased and their tail probabilities decreased with increasing
threshold levels, indicating that a consistent dose-response type relationship existed.
Incidence of Respiratory Symptoms and Ozone

Mean concentration and average annual exceedance frequencies 10, 12, 15, 20,
or 25 pphm ozone were not statistically significantly associated with cumulative
incidence of any of the respiratory symptoms outcomes, though a trend association
(p =0.056) was noted between OZ10 and cumulative incidence of asthma. The multiple
logistic regression model for 0Z10 and asthma was very similar to t;lat for TSP200 as
shown in Table 4. The point estimate of relative risk for ozone was 2.07 (95%
confidence interval: 0.98, 4.89), for a 1000 hour average annual increment in OZ10,
1977-1987. It is interesting to note that the 1977-1987 form of 0Z10 came into the
model indicating that recent ambient concentrations for ozone may be more related to
incidence of asthma than past concentrations. In cases where the regression
coefficients for ozone exceedance frequency were close to statistical significance,
regressions were repeated using excess ozone concentrations above the thresholds
instead of exceedance frequencies. The regression coefficients for excess

concentrations also failed to show statistical significance.

13




Change in Respiratory Symptoms Severity Scores and Ozone.

Change in asthma severity score was significantly associated with mean
concentration of ozone (1977-1987) and with the 1977-1987 average annual
exceedance frequency only for the thresholds 10 pphm and 12 pphm. The non-
standardized regression coefficients were larger for the exceedance frequency OZ12
than for OZ10, implying that on the average fewer hours of ambient concentrations
above the higher threshold produced the same effect. The two right most columns of
Table 6 display the multiple linear regression models for change in asthma score for
the exceedance frequencies TSP200 and OZ10. The sets of variables included in the
models and the standardized regression coefficients are quite similar. Change in
severity scores for the other respiratory symptoms complexes were not significantly
associated with exceedance frequencies for any of the thresholds of ozone or for mean
concentration.

Lack of statistical significance for exceedance frequencies above higher
thresholds of ozone may be due to lack of a sufficient portion of our study population
with enough average annual hours of ambient concentrations above the higher
thresholds of ozone. For example, the highest decile of our study population
experienced only 243 hours above 15 pphm, 83 hours above 20 pphm, and 23 hours
above 25 pphm.

Exclusion of 1977 Symptoms Score as a Covanate

All of the previous regression models used the 1977 symptoms score as a

covariate. For the multiple logistic regression modeis - which excluded individuals with
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definite symptoms in 1977 the covariate took the form of a dummy variable indicating
whether or not an individual had possible symptoms in 1977. " For each of the
respiratory symptoms complexes this covariate had strong and highly statistically
significant effects. Since individuals had lived for at least 10 years in their present
neighborhoods prior to 1977, it is possible that the development of possible symptoms
could be the result of ambient concentrations of air pollution. Thus, to control for
possible symptoms as a covariate may dilute the effects of the pollutant variable in the
model. To check on this possibility and also the possibility that our models were being
unduly influenced by this strong covariate the final multiple logistic regression models
of tables 2 through 4 were run again excluding possible symptoms as a covariate. The
regression coefficients for TSP changed very little and were each within 5% of their
previous value. This process was repeated for the multiple linear regression models
summarized in table 6 where the covariate took the form of the 1977 symptoms score.
Again regression coefficients changed only slightly, being within 12% of their original
values, except for asthma and ozone where the coefficient was 27% smaller. Ozone
continued to lack statistical significance in the multiple linear regressions for AOD and
chronic bronchitis symptoms scores.
Mutti-pollutant Analyses and Respiratory Symptoms

Change in severity score and incidence of asthma were significantly associated
with both total suspended particulates and ozone as indicated by separate single
pollutant multiple logistic regression models. To determine whether TSP or ozone was

more strongly associated with incidence of asthma, a stepwise muiltiple logistic
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regression for cumulative incidence of asthma was run allowing the exceedance
frequencies for the most significant thresholds - TSP200 and OZ10 - to compete for
entry. Another regression was run allowing mean concentrations of TSP and ozone to
compete for entry. TSP200 (0.06 p to enter) entered the model in preference to OZ10
(0.20 p to enter) On the other hand mean concentration of ozone (0.03 p to enter)
entered before the mean concentration of TSP (0.09 p to enter). Thus, we were unable
to determine unequivocally whether TSP or ozone were more significantly associated
with the incidence of asthma. It appears that they both were.

Both TSP and ozone were also significantly associated with change in severity
score for asthma as indicated by separate single pollutant multiple regression models.
Hence, a stepwise multiple linear regression was run, again allowing the most
significant exceedance frequencies of each pollutant to compete for entry. Then this
was repeated using mean concentrations for the two pollutants. TSP200 and OZ10
were again very close competitors, each having a p to enter <0.025. TSP200 came
in before OZ10. For mean concentrations, ozone entered in preference to TSP. The
p to enter for ozone was <0.025, for TSP; <0.05.

We then examined correlations between TSP and ozone for exceedance
frequencies and mean concentrations experienced by our study population. This was
done in order to determine if the associations of ozone with asthma observed above
might be artifactual due to a high correlation between ozone and TSP. The correlation
between the 1973-1987 average annual mean concentrations of ozone and TSP was

0.74. The correlation between the 1973-1987 averages of the exceedance frequencies
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0Z10 and TSP200 was 0.72. Correlations between exceedance frequencies for other
thresholds of ozone and TSP200 are also high. For example, the correlation between
OZ15 and TSP200 is 0.70 and that for 0Z20 and TSP200 is 0.66. These higher
thresholds of ozone, however, did not show statistically significant associations with the
incidence of asthma or changes in severity score for asthma as would be expected if
the significant associations observed for the lower thresholds were due only to
statistical artifacts. Thus, our data suggests that both TSP and ozone are related to
incidence of definite symptoms and change in severity score for asthma.

Once one pollutant was in the model however, the other did not show a
statistically significant regression coefficient due to the high correlations between them.
In order to test for possible interaction effects we forced both TSP and ozone into the
models as well as the product of the two as an interaction term. No statistically
significant interactions were observed.

Multi-pollutant analyses were not conducted for the other respiratory symptoms
complexes as our data failed to indicate statistically significant associations of ozone
with the other respiratory symptom complexes.

DISCUSSION
Limitations of Study

The limitations of this study have been discussed by Euler ‘.(2). We will only
summarize them briefly here.

1. The limitation of cross-sectional studies discussed by Euler (2) is no longer

relevant, since we are now studying cumulative incidence in a cohort followed

17




for ten years rather than prevalence ascertained at one point in time.
Inaccuracy of self-reported symptoms may introduce measurement bias to the
degree that it may not accurately represent actual presence of symptoms. A
validity study was conducted on a sample of 87 subjects from our population.
Self-reported symptoms and residence history were validated and pulmonary
function tests were performed. The validity of the NHLBI questionnaire was
confirmed in this population, as it has been in other populations (6). However,
there was a lack of conclusive concurrence between self-reported AOD
symptoms and the objective results of spirometry, single-breath oxygen tests,
and volume of isoflow pulmonary function tests. These results are reported in
detail elsewhere (7). Samet (6) concluded that the discrepancy between the
symptoms reported on questionnaires and pulmonary function test results is
predictable and should not necessarily detract from the usefulness of these
respiratory symptom questionnaires in epidemiological studieé. The problem of
possible measurement bias may be less severe for ascertaining asthma, since
individuals must have been told by their physician that they had asthma as well
as having to indicate symptoms.

Measurement error in cumulative ambient concentrations may have resulted from
our use of interpolations from fixed site monitoring stations. The accuracy of
these interpolations is discussed by Abbey (8). The Environmental Protection
Agency has recommended distances for each pollutant within which

concentrations at fixed site monitoring stations can be considered representative.
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As a further check on our results we restricted interpolations to be within the A
or B quality range, considered representative by EPA and reran the final
regression models using TSP200 and TSP mean concentration as the exposure
variables. For TSP thié reduced the number of individuals available for analyses
by approximately one-half. The regression coefficients were somewhat smaller,
but in the same general direction as the previous regression coefficients. The
statistical significance of the regression coefficients was in every case less due
to the reduced sample size, and did not achieve the .05 level of statistical
significance. T tests indicated that cumulative ambient conc"entrations of TSP
were statistically significantly higher for individuals who were within the A or B
quality interpolation ranges than for those who lived outside those ranges
(p<.0001). For example, TSP200 for the time period 1973-1987 averaged 470
hours per year for individuals within the A or B quality interpolation ranges and
341 for individuals with less than B quality data. A similar sensitivity analysis was
conducted for ozone and asthma again restricting interpolations to those with
A or B quality. Due to the much larger distance considered to be A or B quality
for ozone, there was only a slight reduction of approximately 500 subjects in the
number available for analyses. As might be expected, the regression
coefficients agreed more closely. Again, t-tests indicated lower concentrations
for individuals outside the A or B quality interpolation range. It was felt that the
reduced sample size and the lack of contrast in cumulative ambient

concentrations for those with A or B quality interpolations accounted for the

19

r—




reduced statistical significance and lower magnitude of regression coefficients.
Estimates of air pollution exposure used in this study were estimates of ambient
concentrations only. Studying the associations between adverse health effects
and ambient concentrations is useful, since ambient céncentrations are
monitored and air quality standards apply to them. However, actual individual
exposures may differ significantly, since individuals are known to spend up to
90% of their time indoors. For example, there are no indoor sources of ozone,
and it is known that indoor concentrations of ozone are substantially less than
outdoor concentrations (9). It is likely that the actual ozone exposures of our
population are considerably less than the estimates of ambient concentrations.
A similar problem exists for TSP, although indoor sources of TSP do exist. One
of the primary indoor sources of TSP is cigarette smoking, which has been taken
into account as a covariate in the present analyses. Our future analyses of these
data will attempt to model subjects’ exposures more accurately by use of
adjustment factors obtained in other human exposure studies. These factors are
related to residence, workplace, and lifestyle characteristics ascertained by our
survey.

The sources of error mentioned above are likely to make statistically significant
associations more difficult to demonstrate (10), as long as they are not
systematically biased. Thus, the associations demonstrated for TSP may in
reality be even more statistically significant. However, lack of statistical

associations with ozone could be due to these and other sources of uncontrolled
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variability.
5. There are limitations in Statistically separating air pollutants occurring in an
ambient mixture. Human chamber studies can more accurately assess the
effects of acute exposures of very short durations (11), but they are not feasible
for studying long-term cumulative exposures in free-living populations.
6. It is possible that other pollutants in the ambient air may affect the statistical
associations found by these analyses. We plan to study the associations
between health effects and exposure to N02, SOZ, SO4, <2.5 micron fine
particulates, and <10 micron particulates.
Comparison of Current Results With Previously Published Results

Previously published papers from this study on respiratory symptoms have
reported on associations between the prevalence of AOD in 1977 and ambient
concentrations of TSP and total oxidants (2,3). The 7,445 subjects available for
prevalence analyses in 1977 included non-whites who were not followed in the cohort
study (due to small numbers) as well as individuals who have since died or were lost
to follow-up. The same thresholds were used for exceedance frequency of TSP and
baseline ambient concentrations were cumulated over essentially the same time period
- 1973 through 1976 compared to 1973 through March, 1977, for the current analyses.
Between 1973 and 1977, total oxidants were being measured at some monitoring
stations and ozone was being measured at others; some stations measured both
simultaneously for up to several months. The previous study used total oxidants data

in preference to ozone data where both were available, but used ozone data if total
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oxidants data did not exist. The current study used ozone in preference to total
oxidants. However, the high correlations between total oxidants and ozone for all
thresholds, as reported by Abbey (8) make it unlikely that this methodological
discrepancy would affect results.

The only outcome reported in the previous papers (2,3) was prevalence of
definite AOD symptoms. Definite AOD symptoms were defined in the same manner in
the current analyses, though in the previous papers this symptoms complex was
referred to as Chronic Obstructive Pulmonary Disease (COPD). Results from muitiple
logistic regression analyses of the prevalence data were in very close agreement with
our current results; the average annual exceedance frequency for TSP60 was not
significantly associated with prevalence of AOD, but the exceedance frequencies for
TSP100, TSP150, and TSP200 were. The point estimates of the relative risks of
prevalence for average annual 1000-hour exceedance frequencies TSP100, TSP150,
and TSP200 were 1.04, 1.11, and 1.30, respectively; these estimates are very close to
the corresponding relative risk point estimates for cumulative incidence, 1.08, 1.15, and
1.35. Euler (3) showed a highly statistically significant association between prevalence
of definite AOD symptoms and the average annual exceedance frequencies of OZ10,
0Z15, and OZ20 for total oxidants, whereas the current analyses failed to show any
statistically significant associations between cumulative ten year incidence of AOD and
any of these or other thresholds for ozone.

Euler (3) conducted multi-pollutant multiple logistic regression analyses in which

exceedance frequencies for TSP200, OX10, and the 4 pphm threshold of SO, were
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allowed to enter simultaneously in a single logistic regression. This analysis showed
that only TSP was significantly associated with prevalence of definite AOD symptoms.
Our current multi-pollutant analyses of cumulative incidence of definite symptoms of
AOD indicate that TSP and not ozone is related to this outcome. However, both
pollutants appear to be related to incidence and increasing severity of symptoms of
asthma. lItis also possible that our study population does not include enough subjects
exposed long enough to ambient concentrations above the higher thresholds of ozone
for statistically significant effects to be detected for AOD.

It is also possible that some other component of the ambient air pollution mix is
most directly related to development of AOD symptoms and that total suspended
particulates is more highly correlated with this other component than ozone is.
Additional pollutants to be used in future analyses include fine particulates in the <2.5
micron range as well as fine particulates in the <10 micron range.

Comparison of Our Findings with Those of Other Investigators

Several reviews summarizing epidemiologic studies relating ambient air pollution
to chronic respiratory disease morbidity have been published recently, and their general
conclusion was that ambient air pollution contributes to morbidity from respiratory
disease above and beyond that due to cigarette smoking (12,13,14). In this section we
compare the results of the present study with the results of several of these studies.

In a previous study of Seventh-day Adventists, Cohen compared the prevalence
of respiratory symptom complexes ascertained by the standardized NHLBI respiratory

symptoms questionnaire in a group of 136 Seventh-day Adventists living in the San
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Gabriel Valley (high pollution area) and a group of 207 living in San Diego (low pollution
area (15). 89.5% of study subjects had lived in the area of their present residence for
five years or longer and 78.1% for ten years or longer. The ascertainment of symptoms
was made in January, 1970. There were no statistically significant differences between
the two areas in prevalence of any of the pulmonary function parameters tested. The
low prevalence rates for respiratory symptom complexes which Cohen observed in this
non-smoking population would make it difficult to show statistically significant
differences, since the sample sizes of his study were much smaller than ours. Cohen
also did not adjust for such possibly confounding factors as passive smoking and
occupational exposure to air pollutants as we have. As Cohen noted, as of 1970 his
subjects may not yet have been exposed to elevated ambient concentrations of ozone
long enough to cause deleterious effects.

The AHSMOG study area includes the South Coast Air Basin which has the most
severe oxidant air pollution in the United States (16). Three cities within or adjacent to
this air basin - Burbank, Lancaster, and Long Beach, California - had average daily
maximum one-hour total oxidant concentrations of 9.0, 6.5, and 3.7 pphm respectively
over the years 1972-1977. Prevalence of chronic respiratory symptoms in another
study, however, did not consistently increase with increasing average total oxidant
concentrations (17). In another study, a comparison of office workers in Los Angeles
(average maximal one-hour oxidant concentration = 7 pphm) and San Francisco
(average maximal one-hour oxidant concentration = 2 pphm), answers to the NHLBI

questions concerning cough and sputum production were similar in both cities.
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However, non-chronic cough during "bad whether" was more common in the Los
Angeles worﬁen, as was sputum production (16).

Detels (18) compared cohorts of never-smoking residents in Lancaster, a city just
outside the South Coast Air Basin to those of Glendora, a city of high ambient
concentrations within the basin. Each cohort consisted of approximately 1,000
individuals. Lung function tests and ascertainment of respiratory symptoms were
performed twice in each community at intervals of approximately five years. Lancaster
experienced moderate levels of ozone and low levels of other pollutants, while Glendora
experienced high levels of ozone and relatively high levels of sulfates and particulates.
Although most of the lung function tests showed significantly more rapid declines in
functions among adults in Glendora, there were no consistently statistically significant
differences in the incidence of cough, sputum production, wheezing, or physician
diagnosis of asthma, bronchitis, and/or emphysema. The proportions of asymptomatic
individuals in the two communities becoming symptomatic during the five-year interval
was similar; so were the proportions of symptomatic individuals be.coming
asymptomatic. The annual averages of peak hourly values of total oxidants for
Lancaster and Glendora were 7 pphm and 11 pphm, respectively, but the annual mean
concentrations were very similar. For example, the 1985 annual mean concentrations
were 4.0 pphm for Lancaster and 3.6 pphm for Glendora. The annual average
concentrations of TSP were 85 mcg/m? for Lancaster and 133 mcg/m3 for Glendora.

Because of selection of some individuals from lower pollution areas, subjects in

our cohort experienced a wider range of ambient concentrations, with annual mean
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concentrations of TSP ranging from 56 mcg/m® for the lowest decile to 135 mcg/m?3 for
the highest decile. Mean levels of ozone ranged from 1.1 pphm for the lowest decile
of our cohort to 2.4 pphm for the highest decile and this tended to be lower than for
Detel’s study. Our lack of a larger number of subjects at higher levels of ambient
ozone concentrations may explain the failure of our study to show statistically significant
associations between ozone and respiratory symptoms other than asthma or for asthma
and thresholds of ozone above 12 pphm. The subjects of our study may have
experienced elevated ambient concentrations of air pollutants for longer periods, since
they had lived ten years or longer in their present neighborhoods at the time of the
baseline survey. Our study subjects were then followed for a longer time period --ten
years, instead of only five. The ten year follow-up period of our study may have allowed
greater time for the development of symptoms.

Comstock (19) studied more than 1,000 telephone workers, most of whom
worked outdoors, in four different areas of the eastern U.S. He tested the lung function
of these subjects and ascertained the prevalence of respiratory symptoms using the
standard questionnaire. Some of the workers lived in areas with low air pollution, some
in areas with high air pollution. The sample also included 600 telephone workers in
Tokyo. The prevalence of symptoms was initially ascertained in 1962/1963 in the U.S.
and again five to six years later and was ascertained once in Tokyo in 1967. There was
a slight elevation of respiratory symptom prevalence, but no difference in parameters
of lung function for subjects in New York, the most polluted area. Comstock did not

report on the cumulative incidence of symptoms.
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Sawicki (20) conducted a five year cohort study contrasting residents of less
polluted and more polluted areas of Cracow, Poland. Average annual TSP levelé at the
beginning of the study were 90 mcg/m? in the less polluted area and 170 mcg/m?3 in the
more highly polluted area. Prevalence of respiratory disease was reported at the
beginning and the end of the study period, but cumulative incidence was not reported.
Initial prevalence of chronic bronchitis in the polluted area was significantly higher for
both smoking and non-smoking men, but not for women. The initial prevalence of
asthma was also higher among smokers living in the more polluted area. At the time
of follow-up, prevalence of respiratory disease was also higher in the more polluted
area for many of the age, race, and sex groups studied. Also, the prevalence of
chronic obstructive pulmonary disease was higher for present smokers living in the
more highly polluted areas. These results are consistent with our findings, though they
are not directly comparable to them.

Ferris (21,22) administered the standardized respiratory symptoms questionnaire
to a cohort of approximately 800 subjects in the pulp mill town of Berlin, New
Hampshire in 1961, 1967 and 1973. The annual average level of TSP decreased from
180 to 131 to 80 mcg/m3 over these three points in time. Respiratory symptom rates
standardized for age and sex decreased between 1961 and 1967, but they did not
change significantly between 1967 and 1973.

Ware (14) has reviewed a number of studies of chronic bronchitis and other
respiratory symptoms which have reported average levels of TSP and SO,. One study

by Hammer (23) noted effects on respiratory symptoms with an annual mean
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concentration of TSP of 135 mcg/m3. Several studies noted effects for average mean
levels above 180 mcg/mS. As average levels of TSP increase over the different studies,
the levels of SO, increased also, making it difficult to separate the effects of the two
pollutants. Average annual levels of SO, in our study areas are below 25 mcg/m3, in
contrast to the average levels for the studies reported by Ware which range from 55
mcg/m® upward. Since levels of SO, are relatively low in our population, we hope to
be able to separate the effects of TSP and SO, on cumulative incidence. Effects of
SO, will be addressed in future papers, though Euler (2), reporting on the effects of
TSP and SO, on prevalence of respiratory symptoms in our population, noted much
stronger effects of TSP than of SOZ. He found that less than 9% of the variation in SO,
was explained by TSP. In a subsequent multivariate analysis (3) of TSP, total oxidants,
and SO,, he found the prevalence of definite AOD symptoms to be significantly
associated with TSP but not total oxidants and SO,

Ware (14) comments on the difficulty of assessing health effects at annual
average levels of TSP lower than 180 mcg/m3 because of anticipated smaller rates of
health effects and confounding effects of other factors which vary over communities.
Advantages of our population include the homogeneous nature of the cohort and the
large number of other lifestyle factors measured, which make possible the assessment
of heaith effects at lower ambient concentrations.

In summary, our study has determined statistically significant increased risks of
incidence associated with long-term exposures to elevated concentrations of TSP.

Increased risks of AOD and chronic bronchitis are associated with exposure to TSP
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above 100 mcg/m? and increased risks of asthma with exposures above 150 mcg/m3.
Long-term ambient concentrations of ozone in excess of 10 pphm ozone were
significantly associated with increases in the severity of asthma. These results need
to be considered in future decisions regarding standard settings of both TSP and

ozone.
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Table 1.-Descriptive Statistics for Candidate Independent Variables for Stepwise
Regressions For Incidence or Change in Score of Definite AOD Symptoms,
Chronic Bronchitis Symptoms, and Asthma.

(n = 3914)
Max.
Mean Value % =0 Primary Vari (Forced Into Regressions)
- - 36.0 Gender (0=males, 1=females)
559 95 - Age - April 1, 1977
13.9 19 - Years Education - 1977

Secondary Variables
i i lutan
3946 2277 2.0 TSP (Average annual hours in excess of 200 mcg/m 1973-1987).
4559 2484 11.0 TSP (Average annual hours in excess of 200 mcg/m 1973-1977).
368.6 2190 8.0 TSP (Average annual hours in excess of 200 mcg/m 1977-1987).
337.0 966 0.0 Ozone (Average annual hours in excess of 10 pphm 1973-1987).
335.3 1044 0.0 Ozone (Average annual hours in excess of 10 pphm 1973-1977).
337.8 1083 0.0 Ozone (Average annual hours in excess of 10 pphm 1977-1987).
Past and Passive Smoking
14.8 58 84.6 Years smoked in the past.
213 72 700 Years lived with a smoker until 1977.
6.1 10 940 Years lived with a smoker, 1977-1987.
223 72 69.4 Years lived with a smoker until 1987.
- - 975 Whether or not currently living with a smoker in 1987. (0=no, 1=yes)
115 57 60.3 Years worked with a smoker untit 1977.
4.9 10 827 Years worked with a smoker, 1977-1987.
129 57 579 Years worked with a smoker until 1987.
- - 955 Whether or not currently working with a smoker in 1987. (0=no, 1=yes)
Qccupational Air Pollutants
16.5 69 88.7 Years of dust exposure at work until 1977.
43 10 929 Years of dust exposure at work, 1977-1987.
193 79 876 Years of dust exposure at work until 1987.

- - 901 Whether or not currently exposed to dust at work in 1987. (0=no, 1=yes)
16.1 70 86.8 Years of fume exposure at work until 1977.

4.1 10 916 Years of fume exposure at work, 1977-1987.
18.7 75 855 Years of fume exposure at work until 1987.

- - 89.7 Whether or not currently exposed to fumes at work in 1987 (used only in ozone
analyses) (0-no, 1=yes)
Previous Respiratory Sympioms
25 5 - Frequency of childhood colds (1 =much less, 2=less, 3=same, 4=more,
5=much more than other children of the same age.)
- - 918 Childhood definite symptoms of AOD before age of sixteen.(0=no, 1=yes)
Whether or not had possible symptoms of outcome variable in 1977:

- 14.9 AOD (0=no, 1=yes)
- 14.7 Bronchitis (0=no, 1=yes)
- - 1.2 Asthma (0=no, 1=yes)
1977 symptoms score for outcome variable:
1.39 26 726 AQOD (0=no symptoms)
1.08 10 75.2 Bronchitis (0 =no symptoms)

0.27 10 954 Asthma (0 = no symptoms)




Table 2.-Muttiple Logistic Regression for Cumulative Incidence of Definite
Symptoms of AOD, 1977-1987, with Hours Average Annual Concentration
In Excess of 200 mcg/m?® of TSP as the Air Pollution Exposure Variable.

(n = 8,220, incident cases = 272, definite cases in 1977 excluded)

Regression Relative 95% C.l.for
Variable Coefficient  Increment!) Risk © Relative Risk
TSP (Hrs. in Excess 0.0003339™ 1000 hr/yr. 1.36 1.11, 1.85
of 200 mcg/m? @
Years Smoked 0.022531* 10 yr. 1.23 1.05, 1.55
Years Lived with 0.013211* 10 yr. 1.13 1.03, 1.29
Smoker ®
Years Worked with 0.013362" 10 yr. 1.13 1.01, 1.32
- Smoker
Possible Symptoms 0.65389™ (0=No, 1.77 1.58, 2.47
in 1977 1=Yes)
Childhood AOD 0.30528* (0=No, 1.31 1.09, 1.78
1=Yes)
Childhood Colds 0.24882* 1 1.26 1.09, 1.55
Gender 0.096189 (0=F, 1.09 0.96, 1.30
1=M)
Age -0.0022017 10 yr. 0.98 0.88, 1.10
Education 0.015347 4 yr. 1.06 0.88, 1.35
Constant -2.9313

(1) Increment for computations of relative risks.

(2) Average annual hours in excess of 200 mcg/m3 1973-1987.

(3) Years lived with smoker through 1977.

(4) Years worked with smoker through 1987.

(5) Relative risk of increase in exposure of one increment, holding other variables in
model constant.

*p <.05; *p<.01; *p<.001.




Table 3.-Multiple Logistic Regression for Cumulative Incidence of Definite

Chronic Bronchitis Symptoms, 1977-1 987, with Hours Average Annual Concentration

In Excess of 200 mcg/m? of TSP as the Air Pollution Variable.

(n = 3,310, incident cases

= 234, definite cases in 1977 excluded)

Variable

TSP (Hrs. in Excess
of 200 mcg/m3 @

Years Smoked

Years Lived with
Smoker @

Possible Symptoms
in 1977

Childhood Colds
Gender

Age

Education

Constant

Regression Relative 95% C.l.tor
Coefficient  Increment!”  Risk © Relative Risk
0.00030683* 1000 hr/yr. 1.33 1.07, 1.81
0.028107™ 10 yr. 1.30 1.11, 1.63
0.015471™ 10 yr. 1.15 1.05, 1.32
-0.61393™ (No, Yes) 1.81 1.58, 2.19
0.42401™ (No, Yes) 1.37 1.17, 1.66
017227 (F, M) 1.17 1.02, 1.42
0.0030717 10 yr. 1.03 0.92, 117
0.014346 4 yr. 1.05 0.87, 1.34
-3.7835

(1) Increment for computations of relative risks.
(2) Average annual hours in excess of 200 mcg/m> 1973-1987.

(3) Years lived with smoker through 1977.
(4) Years worked with smoker through 1987.
(5) Relative risk of increase in exposure of one increment, holding other variables in

model constant.

*p <.05; " p<.01,

> p <.001.



Table 4.-Multiple Logistic Regression for Cumulative Incidence of Definite
Symptoms of Asthma, 1977-1987, with Hours Average Annual Concentration
In Excess of 200 mcg/m3 of TSP as the Air Pollution Variable.

(n = 8,615, incident cases = 80, definite cases in 1977 excluded)

Variable

TSP (Hrs. in Excess
of 200 mecg/m3 @

Years Worked with
Smoker ¥

Possible Symptoms
in 1977

Gender

Age

Education

Constant

Regression
Coefficient

0.0005687"

0.040998™

2.0411™

-0.30100*

-0.016371

0.030878

-2.2464

Relative

Increment!” Risk @
1000 hr/yr. 1.74
10 yr. 1.50
(No, Yes) 5.02
(F, M) 0.74
10 yr. 0.85
4 yr. 1.13

95% C.l.for
Relative Risk

1.11, 2.92

1.23, 1.87

4.04, 49.03

0.69, 0.80

0.70, 1.04

0.77,1.70

(1) Increment for computations of relative risks.

(2) Relative risk of increase in exposure of one increment, holding other variables in

model constant.

(3) Average annual hours in excess of 200 mcg/m3 1973-1987.
(4) Years worked with smoker through 1987.

*p <.05; *p<.01; = p<.001.
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Table 5.-Estimates of Relative Risk for Definite Symptoms of AOD,
Chronic Bronchitis, and Asthma From Multiple Logistic Regression
for Different Incremental Increases of Exposure Above Vanous
Threshold Levels of Total Suspended Particulates

increment!”
Percent Size Reilative Risk Estimate
Threshold Population (Hrs. Per Chronic
Level Exposed Year) AOD Bronchitis Asthma
60 mcg/m> 100 250 1.01 1.01 1.01
100 500 1.03 1.03 1.03
99.5 1000 1.06 1.06 1.05
95 2500 1.14 1.15 1.14
70 5000 1.31 1.31 1.29
100 mcg/m3 98 250 1.02" 1.02* 1.03
92 500 1.04* 1.04* 1.05
80 1000 1.08* 1.08" 1.11
60 2500 1.21* 1.20* 1.29
18 5000 1.46" 1.44* 1.67
150 mcg/m3 73 250 1.04* 1.04* 1.05"
64 500 1.07* 1.07* 1.11*
42 1000 1.15* 1.15* 1.23*
i8 2500 1.42" 1.41* 1.66"
200 mcg/m® 56 250 1.08™ 1.08* 1.15*
29 500 1.16™ 1.16" - 1.32"
11 1000 1.35™ 1.35* 1.74"
Mean 87 60 1.39" 1.36* 1.56
Concentration 77 75 1.51% 1.46* 1.74
59 100 1.72* 1.66* 2.08
24 120 1.91* 1.83* 2.41
10 135 2.07" 1.96" 2.68

* Regression coefficient from which relative risks are calculated is statistically significant
5 <.05%, (p<.01™), (p <.001™)
) Increment for computations of relative risk. Hours per year 1/1/73 through 3/31/77.



e e e e—pre———

"1861-LL61 60eieAy ()
‘1818 10U PIQ  (g)
'L861-€L61 ©bBIBAY ()
-pebueyoun sem aouedijiubis [eonsiels eyl pue ‘100
Uyl 10 ewes ey esem sjueloleod uoisseibes pezipiepuels  “/861-€L61 ebeieae Buisn uni-es e1em sjepow esel] °LlB1-EL6L |0 ebeiany )
‘uojeoanpe pue ebe o) 1deoxe (50°>d) jueonubis Aeonsnels elem Sjuetdljaod uoisseiber |y (g)
-uoneonpe pue sepuab 10} 1dedxe (50" >d) jueonubis Ajleonsnels e1em Sjueldljeod uoissaibai |y (2)
‘uoneonpe 1oy 1daoxe (50" >d) yeoyiubis Ajjeonsiels esem sjueidljeod uoisseibes ||y O

200 20°0 s2'0 60°0 Y panalydy
S10°0° L co'o0- L 200°'0- Lt 10°0- i (*s1A) uoneonp3
(9)°N (9)°N v0'0 )9 00 ()0t 19}OWS YUM POArT SIEBA
(1200 9 : 0120
50°0 (5)? ¥0'0 )L ¥0°0 ()8 002dSL
2S00 £ S0°'0- € 200 ot S0°0- 8 (ejewej =1 ‘sjew =Q) J8pUSEH)
(9)°N (9)°N (9)90°0 S 100 ()L WIOM e emnsodxy isnqg SieeA
¥60°0 ! 60°0 ()} €0°0 ()6 90°0 ()9 SIYOWS UM PeYIOM Siee)
L10°0- 8 100 8 80°0 € 900 S 86y
(9)°N (g)°N 50°0 v 00 p pexoWS SJeeA
1800 Z 80°0 2 €00 8 60°0 € g1 eby esojeg QoOv
8v0'0 S S0°0 9 80°0 4 80°0 c SploQ pooypprud
€50°0- v S0°0- S 05°0- t 12°0- 1 81005 swoldwAs £/61
Anv.:ooo ‘Boy 18p1Q | (¢)'11800 ‘Boay 18pI0Q  |(z) 11800 ‘Bey 18pI0 | ()H1e00 ‘Bey 18pI0 e|qelep

pezipiepuels Anug pezipsepue|g Anug pezipiepuels Anu3 pazipiepuelg Anug

WEIE=NJ (Z69€=NJ 089 €=NJ (T99E=N]
ewyisy ewyisy snyouosg OLUoIYD aov
:13(¢y{p) §aleNoIed popuadsng [ei0]

se100g swoldwAg u ebuey) 1o sjepoyy uoissesGayy sesury-'g e|qeL




Relative Risk ©

1.

T

<
l

! 2

180 200 220
i

0 20 40 80 80 100 120 140

180
TSP concentration in g/

—— 300 HRS ™ —%— 1000 HERS ™

—= 2500 HRS™*™ —5— 5000 HRS™

= Risks for Lowest Thresholds Not Statistically Significant
- Average Annual Hours 1973-1977

ulative Incidence (1973-1987) of Definite

Symptoms of Airway Obstructive Disease for Differing Annual Average
Hours (1973-1987) in Excess of 60, 100, 150, and 200 mcg/m*
Of Total Suspended Particulates

Fig. 1. Relative Risk of Cum



- X 1000
292y 7
(250) 6
(208) S
(167) 4
(125) 3+
(83) 2
(42) 1
0 L - ! ! |
0 50 100 150 200 250
3
TSP THRESHOLD (ug/m”)
b Relative Risks for Lowest Threshold - Not Statistically Significant.
> Average Annual Hours 1973-1977.

Fig. 2. Relative Risk Contour Plots for Incidence of Definite
Symptoms of AOD Associated with TSP

B e e e e e







LONG TERM AMBIENT CONCENTRATIONS OF TOTAL SUSPENDED
PARTICULATES AND OXIDANTS AS RELATED TO INCIDENCE

OF CHRONIC DISEASE IN CALIFORNIA SEVENTH-DAY ADVENTISTS

David E. Abbey, Ph.D.
Paul K. Mills, Ph.D., M.P.H.
Floyd F. Petersen, M.P.H.

W. Lawrence Beeson, M.S.P.H.

Department of Public Health and Preventive Medicine
Loma Linda University
School of Medicine
Loma Linda, CA 92350

(714) 824-4988

THIS RESEARCH SUPPORTED BY THE CALIFORNIA AIR RESOURCES BOARD

GRANT NUMBERS A6-128-33 AND A833-057.







ABSTRACT

Cancer incidence and mortality in a cohort of 6,000 non-smoking California Seventh-day
Adventists was monitored for a six year period and relationships with long term cumulative ambient air
pollution were observed. Total suspended particulates (TSP) and ozone (OZ) were measured in terms
of number of hours in excess of several threshold levels corresponding to national standards as well as
mean concentration. For all malignant neoplasms among females, risk increased with increasing
exceedance frequencies of all thresholds of TSP except the lowest one, and those increased risks were
highly statistically significant. For respiratory cancers, increased risk was associated with only one
threshold of OZ and this result was of borderline significance.

Respiratory disease symptoms were assessed in 1977 and again in 1987 using the NHLBI
respiratory symptoms questionnaire on a subcohort of 3,914 individuals. Multivariate analyses which
adjusted for past and passive smoking, and occupational exposures, indicated statistically significantly
(p < 0.05) elevated relative risks ranging up to 1.7 for incidence of asthma, definite symptoms of airway
obstructive disease (AOD), and chronic bronchitis with TSP in excess of all thresholds except the lowest
one but not for any thresholds of ozone. A trend association (p = 0.056) was noted between the
threshold of 10 pphm ozone and incidence of asthma. These results are presented within the context

of standards setting for these constituents of air pollution.
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INTRODUCTION

Previous epidemiclogical studies of adverse health effects associated with long-term ambient air
pollution have been difficult to conduct in most human populations due in large part to the contounding
effects of cigarette smoking. However, several studies of air pollution and health have been completed
using the Seventh-day Adventist population of California, a non-smoking population which experiences
a wide degree of variation in exposure to several ambient air pollutants. For example, Hodgkin et al.
demonstrated a statistically significant fifteen per cent increase in prevalence of symptoms of airway
obstructive disease (AOD) in non-smoking Adventists who had lived for 10 or more years in an area of
high pollution (the South Coast Air Basin of California) compared to those residing 10 years or longer in
less heavily polluted areas of the state. This result persisted in a multivariate analysis which controlied
for age, sex, race, education, adverse occupational exposures and past smoking history (1). Using this
same population, Euler demonstrated statistically significant increased risk of AOD associated with both
ambient levels of sulfur dioxide (SOZ) and total suspended particulates (TSP) (2). A later study also
demonstrated statistically significant elevated AOD risk associated with ambient levels of total oxidants
but not ambient levels of nitrogen dioxide (3).

These studies have been useful contributions in that they have demonstrated significant alterations
in risk associated with long-term ambient concentrations of the pollutants in a non-smoking population
and have quantified that risk in reference to numbers of hours in excess of various thresholds of ambient
air pollutants corresponding to state and national standards. However, they have been restricted to the
analysis of the cross-sectional data then available in which respiratory symptoms data recorded by
questionnaire at one point in time (1977) were correlated with ambient air pollutants levels during previous
years. Longitudinal data are now available for this population for a six year period of follow-up (1 977-82)
during which cancer incidence data and cardiovascular disease data were gathered in a prospective
manner. Respiratory symptoms were ascertained on a sub-cohort in 1977 and again in 1987 enabling
incidence of respiratory symptoms complexes to be ascertained. Mortality data are available for a ten

year follow-up period (1977-1986). Additionally, data on ambient levels of additional pollutants also have



been collected (including S0, SO, and fine particulates less than 10 microns and less than 2.5
microns).

Recent papers describe the analysis of the longitudinal data regarding several thresholds of
~ ambient levels of total suspended particulates (TSP) and ozone (OZ) as they are related to definite
symptoms of AOD, definite symptoms of chronic bronchitis, asthma, and cancer (Mills submitted, Abbey
submitted). This paper summarizes those results and extends the disease outcomes to include
cardiovascular disease and all natural cause mortality.

METHODS

This is a prospective epidemiological study involving approximately six thousand Seventh--day
Adventists living in California in 1976 who were participants in the Adventist Health Study (4) and who
had resided within five miles of their current residence for at least ten years. By church proscription,
Adventists do not smoke although some members of this cohort (36% males, 14% females) smoked prior
to joining the church. In addition to completing a detailed lifestyle questionnaire in 1976, members of this
cohort completed the NHLBI respiratdry symptoms questionnaire in April of 1977. This 1977
questionnaire also elicited detailed lifetime residential histories which were used to construct air pollution
profiles for study participants. Measures of ambient concentrations of TSP and ozone in those areas of
California inhabited by members of the cohort were provided by the California Air Resources Board for
the period 1966-1987. In the earlier years of this time period total oxidants were monitored. Between
1973 and 1980 ozone monitors replaced the total oxidant monitors. However, in a validation study
conducted by Abbey (Abbey submitted), mean concentrations of total oxidants and ozone over a two year
period were found to have a correlation of 0.94. Measurements of these pollutants were made at several
hundred air monitoring stations thrc;ughout the state using methods satisfying the Environmental Protection
Agency (EPA) standards in effect at the time of monitoring. For each study participant, levels of air
pollutants at zip code centroids were estimated for each month of residence since 1966 by utilizing data
from the three nearest monitoring stations. An interpolation method was then used to create individual

ambient air pollution profiles based on zip code by month residence histories. Details of how these data




were generated and validation studies of the methods are described by Abbey (5, and Abbey submitted).
Thus each member of the study cohort had been carefully characterized as regards lifestyle habits,
residential history and ambient concentration of several air pollutants.

Between 1977 and 1982 the cohort was followed-up and monitored for newly diagnosed cancer
and myocardial infarction. Details of the follow-up procedure have been described by Beeson (4).
Mortality follow-up of the cohort has been completed through 1986. The analyses presented in this report
concerns risk of cancer, myocardial infarction (1977-1982) and all natural cause mortality (1977-1986) as
they were related to long term ambient concentrations of TSP and OZ. Moreover, the respiratory
symptoms questionnaire was completed again in Aprii of 1987 by approximately 85% of the surviving
members of the 1977 cohort. Results of the analysis of TSP and OZ as regards incidence of definite
symptoms of airway obstructive disease, chronic bronchitis, and asthma (1977-1987) are also presented
in this report. The size and nature of the various sub-cohorts discussed in this report (which are not
mutually exclusive) are summarized in Table 1.

STATISTICAL ANALYSIS

Frequency distributions of the pollutants inside and outside SCAB were examined in order to
create cutpoints for the tertile categories used in preliminary age and sex adjusted stratified Mantel-
Haenszel analysis. The cutpoint used in creating the lowest exposure category for both pollutants was
taken to be that level experienced by 90% of the study population residing outside the SCAB. The
middle and upper tertiles were then created by dichotomizing the remainder of the study population. After
these tertiles were identified, age and sex adjusted relative risks and 95% confidence intervals were
calculated for each level of the pollutant using the adaptation of the Mantel-Haenszel method for person-
years data (6). Trend p-values were also calculated to determine the significance of dose-response
relationships in the data. These preliminary stratified analyses were conducted as a check on the results
of the final more sophisticated multivariate models since they do not make any assumptions about linear
or additive effects.

Cox proportional hazards regression models were constructed which incorporated, in addition to age and



sex, several other covariates which were deemed potentially confounding. The terms included in the final
models depended on the disease outcome of interest. Examples of additional covariates include total
years of past smoking, educational attainment and exposure to passive smoke at home or work. The
specific covariates included in each model are presented in the footnotes to the tables.

For the stratified analyses and the multivariate analyses various threshold levels as well as mean
concentration of TSP and OZ (1973-1977) were (separately) used as the main exposure variables in
relation to risk of disease during the follow-up period which commenced in April of 1977. As a check,
however, the final Cox models were re-run using the time period 1966 through 1977 as the exposure
variable for both poilutants. In no case were significant discrepancies in results noted. The time period
1973-1977 was used in preference to 1966-1977 as all study participants had lived 10 years or longer
in their present neighborhoods and it was felt that interpolations for the later time would be more accurate
due to a larger network of monitoring stations during later years.

In the Cox models, for each of the disease outcomes except all natural cause mortality, age was
used as the time variable in the model since age is more closely related to risk of disease than time on
study (6). However, since we have detected time trends in mortality probably due to a "Healthy
Volunteer Effect” in this data set (4), we used time on study as the time variable in the Cox models for
the mortality analysis and incorporated age (as of 4/1/77) as a covariate in the models.

As a check on the proportionality requirement of the Cox model, log-log plots were created and
the hazard function was examined across strata of covariates. In no case was there cross-over in the
hazard function, indicating that the Cox model was an appropriate choice.

For the respiratory symptoms outcomes the multiple logistic regression model was used since
date of incidence was not recorded. Stepwise procedures were used to select statistically significant
covariates.

DEFINITION OF DISEASE OUTCOMES
Associations with ambient levels of TSP and OZ were made with several disease outcome

categories including all malignant neoplasms (ICDO, 140-200) in males, all malignant neoplasms in
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females, respiratory cancer (ICDO, 160-165), definite myocardial infarction, and all natural cause mortality
(ICD9 000-799). The occurrence of incident myacardial infarction was documented by careful review of
hospital records including cardiac enzymes and electro cardiographic readings by a cardiologist on the
study staff. For the first four of these outcomes, incident events were considered for the time period
4/1/77 through 12/31/82. Since mortality ascertainment of the cohort had been extended through 1986
at the time this analysis was initiated, the follow-up period for the analysis of all natural cause mortality
included 4/1/77 through 12/31/86. To ascertain cumulative incidence of respiratory symptoms, the
standardized NHLBI questionnaire was administered to study participants in April of 1977 and again in
April of 1987. Computer algorithms were applied to the 21 respiratory symptoms questions on this
questionnaire to classify individuals as having none, possible, or definite symptoms for each of--chronic
bronchitis, asthma, emphysema, or any or all of the above which is termed airway obstructive disease
(AOD). An incident case for a particular respiratory symptoms complex was defined as having definite
symptoms for that respiratory symptoms complex in 1987 but not having definite symptoms in 1977. To
be classified as having "definite” chronic bronchitis, individuals must have. had symptoms of cough,
and/or sputum production on most days, for at least three months per year for two years or more. For
a diagnosis of definite asthma, individuals must have been toid by their physician that they had asthma,
as well as having a history of wheezing. For emphysema, subjects must have been toid by their
physician that they had emphysema, as well as having shortness of breath when walking or exercising.
Individuals not meeting the criteria for “definite” symptoms for a respiratory symptoms complex, but
having some respiratory symptoms associated with that complex, were classified as “possible”. Due to
an insufficient number of incident cases of emphysema to warrant separate analyses, emphysema was
not analyzed as a separate outcome but it was included under airway obstructive disease. Further details
on the respiratory symptoms algorithms are provided by Abbey (7). Hodgkin (1) lists the respiratory

symptoms which were used and gives the percentage of individuals having each symptom.



LEVELS OF TSP AND OZ IN THE STUDY AREA

Four threshold levels of TSP corresponding to state of California or national standards are
graphically represented in Figure 1 which also shows the proportion of the study population which
experienced several levels of hours in excess of these thresholds during the years 1973-1977. As
expected, a relatively large proportion of the study population experienced several hundreds of hours in
excess of the lowest threshold (THR60, i.e. 60 mcg/m3 of total suspended particulates) whereas relatively
few experienced many hours in excess of the highest threshold, THR200. However, it should be noted
that 23% of the study population experienced one thousand hours or more in excess of THR200, which
served as our primary threshold for analytic purposes.

In Figure 2 a similar pattern of hours in excess of several threshold levels of OZ is seen. In this
case, our primary analytic threshoid was OHR10 (i.e. 10 pphm of OZ) and approximately 43% of the
study population experienced five hundred hours in excesé of this level of OZ, 1973-1977. As regards
mean concentration of TSP and OZ, the distribution of these pollutants in the study population are
graphically presented in Figures 3 and 4. It should be noted that in these figures individuals with more
than 20% missing monthly values have been excluded and that the numeric values of the pollutants refer
to the upper boundaries of the intervals.

TSP AND OZ AS RELATED TO CANCER INCIDENCE, MYOCARDIAL
INFARCTION AND ALL NATURAL CAUSE MORTALITY h

In this section we review and summarize results concerning TSP and OZ as they were related
to cancer incidence, myocardial infarction incidence and all natural cause mortality in the cancer incidence
population. Rather than relying upon mean concentration of ambient air pollutants only, these analyses
also evaluated numbers of hours in excess of several thresholds of ambient air pollutants as they were
related to disease risk. These thresholds corresponded to various State of California and national
standards. For TSP these thresholds were 60, 100, 150, and 200 mcg/m3. Table 2 summarizes relative
risks for a 1000 hour per year average annual increase in ambient concentration above TSP200, the most

statistically significant threshold. Our results indicated that, for all malignant neoplasms among females,
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statistically significant increases in cancer risk were associated with each threshold of TSP except for
TSP60. For one thousand hours per year in excess of TSP200 the relative risk for this group was 1.37
(C.I. 1.05, 180) (Table 2) (Mills, submitted 1990). Risk was also elevated for the respiratory cancers,
although this finding was not statistically significant for any of the thresholds.

For OZ, the thresholds included 10, 12, 15, 20, and 25 pphm. Table 2 summarizes the relative
risks for a 500 hour per year average annual increase above 0Z10. The relative risk for respiratory
cancer for OZ10 was 2.25 for five hundred hours per year in excess of this threshold which was of
borderline statistical significance (C.l. 0.96-5.31). The results of the analysis of mean concentration of
TSP and OZ were also elevated but were not statistically significant.

When risk of myocardial infarction was evaluated in relation to ambient TSP levels, there was a
slight increase in risk associated with TSP60 which was of borderline statistical significance. This
increase was observed in both the stratified analysis and the regression analysis. "However, none of the
other threshold levels were associated with increased risk nor was there increased risk associated with
mean concentration of TSP.

Ambient levels of oxidants were not associated with altered risk of M.I. in this population either
in regard to any threshold level of OZ or of mean concentration of OZ. For five hundred hours in excess
of OZ10, the multivariate adjusted relative risk for M.l. was 1.06 (C.I. = 0.68-1.61) (Table 2).

The relationship between all natural cause mortality (1977-1986) and ambient levels of TSP and
OZ was examined and no alterations in risk emerged either when various threshold levels of TSP and
0OZ were examined nor when mean concentration was examined. (Table 2). For one thousand hours in
excess of TSP200 the relative risk for all natural cause mortality was 0.99; for five hundred hours in
excess of OZ10 the relative risk was unity (Table 2).

TSP AND OZ AS RELATED TO RESPIRATORY SYMPTOMS

Incidence of definite symptoms of AOD and chronic bronchitis were statistically significantly

(p<0.05) elevated for average annual hours in excess of 100, 150, and 200 mcg/m3 and mean

concentrations of TSP but not for 60 mcg/m3. For incidence of asthma, there was significantly elevated



risks only for average annual hours above thresholds of 150, and 200 mcg/m3. Table 2 shows the
relative risk for 1000 hours per year in excess of TSP200 for AOD and chronic bronchitis. Neither mean
concentration nor any of the thresholds of ozone were statistically significantly associated with cumulative
incidence of any of the respiratory symptoms outcomes, though a trend association (p = 0.056) was
noted between OZ10 and cumulative incidence of asthma. The point estimate of relative risk for asthma
was 1.40 (95% C.. = 0.99-2.34). See Table 2.

DISCUSSION

The pertinent results from this study indicate that risk of all malignant neoplasms among females,
definite symptoms of AOD and chronic bronchitis as well as asthma are all significantly associated with
ambient concentrations of TSP for thresholds of 100 mcg/m3 and higher, and for asthma a threshold of
150 mcg/m3 and higher. Moreover, there is suggestive evidence that risk of respiratory cancer, and
asthma may be associated with elevated levels of ambient ozone at a threshold of 10 pphm.

Several considerations, however, need to be taken into account in interpreting these findings.
Although the study has numerous strengths that have been lacking in previous studies including the fact
thvat it is a prospective study involving only non-smokers who were geographically stable for a period of
at least ten years prior to the beginning of follow-up, certain limitations in the study design should be
noted.

Estimates of air pollution exposure used in this study were estimates of ambient concentrations
only. Studying the associations between adverse health effects and ambient concentrations is useful,
since ambient concentrations are monitored and air quality standards are based on them. Future
analyses of these data, however, will attempt to model subjects exposure more accurately by use of
adjustment factors obtained in other human exposure modeling studies. The lack of incorporation of such
factors in the present analyses are likely to make statistically significant associations more difficult to
demonstrate as long as they are not systematically biased due to an increase in uncontrolled variability
(8).

Measurement error in cumulative ambient concentrations may have resulted from our use of
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interpolations from fixed site monitoring stations. A validation study, which compared concentrations at
monitoring stations with those interpolated by surrounding stations indicated a correlation of 0.83 for mean
concentration of TSP and in excess of 0.80 for mean concentrations of ozone. (2, and Abbey submitted)
Sensitivity analyses of these data were conducted which restricted individuals to those living within
distances from monitoring stations regarded as having acceptable quality by EPA. The results of these
sensitivity analyses indicate concurrence with the results described above (2, and Mills Submitted).

Another weakness in the present study is that the respiratory cancer analysis was based on only
seventeen cases. In the future we plan to extend follow-up and to conduct a nested case-control study
within the cohort with a larger number of respiratory cancer cases and an appropriate reference group.

It is difficult to explain the higher cancer incidence risk in females associated with TSP. Much
smaller percentages of the females had been exposed t_o tobacco smoke and occupational fumes and
dust. Only 14% of the females had a history of past smoking, compared to 36% of the males. There
is some evidence that the increased risk of lung cancer associated with urban living is more apparent
in non-smokers than smokers (9, 10, and 11). This is consistent with females’ stronger relationship
between TSP exposure and cancer incidence in this study.

Particulate matter in ambient air is known to contain substances which exhibit carcinogenic activity
in experimental systems (12). The polycyclic aromatic hydrocarbons have received the most attention;
several are known to be carcinogens in both animals and humans (13). A direct relationship between
increasing exposure to TSP and increasing cancer incidence and mortality rates would therefore be
expected.

Although the majority of studies attempting to evaluate the air pollution-cancer relationship have
focused on lung cancer (e.g. 14), several studies have investigated relationships with cancer and at all
sites and non-respiratory tract cancers. For example, Winkelstein and Kantor found that both stomach
and prostate cancer mortality rates were higher in the area of Buffalo, New York, with higher TSP
pollution than in the less polluted areas (15, 16). Other investigators noted significantly higher mortality

rates for cancers of the stomach, esophagus, and bladder in mare highly polluted areas of Nashville,



Tennessee than in less polluted areas (17). In the present study, large increases in risk of respiratory
cancer were observed for elevated TSP ambient concentrations, yet increased risks for all malignant
neoplasms were also observed, especially in females. These increased risks suggest that high ambient
levels of TSP may have both local and systemic effects on cancer induction. Tobacco smoke exhibits
similar effects. It greatly enhances the risk of tumors arising in the bronchial lining of the lung, which
has a direct, intimate contact with the smoke, but also enhances the risk of cancers in the pancreas and
bladder, which are exposed to carcinogenic metabolites of various tobacco constituents (18).

Only one case-control study of air pollution and lung cancer has been reported to date (19). In
that study of white males, cases (n=417) and controls (n=752) were selected from residents of areas
of high, medium, or low TSP levels (the maximum level was 200 mcg/ma). The authors reported a non-
significant odds ratio of 1.26 for residence in the high pollution area. Despite these findings, the authors
pointed out that there was increased lung cancer risk from smoking and occupational exposure if there
was aiso long-term exposure to air poliution.

In this study, no association between ambient levels of TSP or OZ and definite myocardial
infarction was found. We also evaluated other cardiovascular disease outcomes including definite
coronary heart disease death and sudden death but observed no relationships between these outcomes
and ambient concentrations of TSP or OZ.

Most previous studies of air pollution and cardiovascular disease have focused on the role of
carbon monoxide (CO). There does seem to be good evidence that exposure to elevated levels of
atmospheric CO enhances the onset of angina in persons with pre-existing cardiovascular disease (20)
and that the case-fatality rate from myocardial infarction is higher in highly polluted areas during periods
of relatively increased CO pollution (21). The number of our study subjects living close enough to
monitoring stations to enable ambient CO estimates was too small to warrant analyses.

In the Nashville air pollution study, cardiovascular disease morbidity was associated with
increasing levels of a soiling index although particulates measured by a high volume sampler showed an

inverse association with cardiovascular morbidity among white males greater than 55 years of age. White
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females, however, showed direct positive relationships with all pollutants measured in that study (22).
Although it appears that data on social class and race were obtained, no adjustments were made for
these factors nor were smoking habits evaluated. A subsequent report from the same study restricted
the analysis to middle class participants only and reported a “consistent pattern of direct relationships
of increasing cardiovascular disease mortality....for suspended particulate matter as measured by the
sailing index.” Again, however, it does not appear that the results were race or smoking history adjusted
(23).

We did not detect any relationships between ambient levels of TSP or OZ and all natural cause
mortality in our population. Previous work has shown a relationship between ambient sulfates and
particulates in relation to total mortality among 117 S.M.S.A. in the United States (24). These earlier
results may have been due to concomitant exposure to high levels of sulfates or to other unmeasured
variables which may have produced spurious results. it should be noted that such high levels of sulfates
do not exist in California. However, our inability to detect elevated mortality rates at one thousand hours
in excess of TSP200 is in general agreement with recent efforts to identify a “no effects observable level”
which concludes that there are no effects on mortality below 150 mcg/m3 mean concentration of TSP
(25). Ostro, on the other hand, argues that there is not sufficient evidence to support a no observable
effects level at 150 mcg/m? of British smoke, for example (26). It can be seen in our data (Figure 3) that
there were insufficient numbers of study subjects above 150 mcg/m?® of TSP mean concentration to
adequately assess health effects at those levels.

By definition, incidence for the respiratory symptoms complexes excluded those individuals who
had definite symptoms in 1977. These individuals may be the ones most susceptible to respiratory
effects as a result of high levels of ambient concentrations of TSP and ozone. To assess this possibility,
a respiratory symptoms severity score was developed for each of AOD, chronic bronchitis, and asthma
(7). Analyses for TSP and ozone were repeated incorporating those individuals who had definite
symptoms in 1977 and using multiple linear regression models to relate change in score 1977-1987 to

pollutant thresholds and mean concentration. The results of these analyses are reported by Abbey
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(Abbey, submitted) were in general concurrence with the incidence results described above with the
following exceptions: Mean concentration of 0zone (1977-1987) and the 1977-1987 average annual hours
in excess of thresholds 10 pphm and 12 pphm of ozone showed statistically significant (p < 0.09)
associations with change in the asthma severity score. When change in symptoms score rather than
incidence was used for chronic bronchitis, no statistical significance was detected for the threshold of 100
mcg/m3 of TSP though statistical significance was still achieved for higher thresholds. These results
suggest that asthmatics may be especially sensitive to continued elevated levels of ambient
concentrations of ozone.

Although analyses of these health outcomes with 802 have not yet been completed, it is unlikely
that SO2 is confounding our results as average annual Jevels of SO2 in all of our study areas are below
25 mcg/m3 which is low in comparison with other studies of the health effects of ambient air pollutants
(27).

The findings of our study are consistent with those of the UCLA population studies of chronic
obstructive pulmonary disease which were conducted on subjects in areas of high versus low oxidant air
pollution of Southern California (28, 29). The UCLA studies failed to show significant associations of
oxidant air pollution with incidence of respiratory symptoms, but did show statistically significant
associations of oxidant air pollution with declines in lung function.

The general conclusion of a number of recent review articles is that elevated concentrations of
total suspended particulates contribute to respiratory morbidity over and above the effects due to cigarette
smoking (27, 30) Our findings relating elevated ambient levels of TSP to incidence of respiratory
symptoms in non-smokers are consistent with this.

Resuits of our analyses pertaining to incidence of respiratory symptoms is in close agreement
with previous reports on associations of TSP with prevalence of respiratory symptoms in this population
(2). However, previous analyses of prevalence of definite AOD symptoms showed statistically significant
associations with total oxidants whereas our current analyses failed to show any statistically significant

associations between cumulative 10 year incidence of AOD and total oxidants/ozone. (3).
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TABLE 2

Relative risks for cancer, myocardial infarction and all natural
cause mortality for exceedance frequencies above 200 ug/m® of TSP

and above 10 pphm ozone.

1000 Hours 500 Hours
Qutcome N Above TSP200 Above Oz 10
All Malig. Neoplasms?® 115 0.96 (0.68-1.36) 1.09 (0.80-1.47)
in Males
All Malig. Neoplasms 175 1.37 (1.05-1.80) 1.03 (0.81-1.32)
in Females
Respiratory Cancer 17 1.72 (0.81-3.65) 2.25 (0.96-5.31)
Definite® 62 0.93 (0.57-1.51) 1.06 (0.69-1.61)
Myocardial Infarction
All Natural® 845 0.99 (0.87-1.13) 1.00 (0.89-1.12)
Cause Mortality
AOD Definite? 272 1.36 (1.11-1.85) 1.02 (0.85-1.29)
Symptoms :
Bronchitis Definite® 234 1.33 (1.07-1.81) 1.20 (0.97-1.52)
Symptoms
Asthma' 80 1.74 (1.11-2.92) 1.40 (0.99-2.34)

a.

Variables included as covariates in the Cox models for cancer (besides age) include
total years of past smoking and education attainment. Hazardous occupation was
also included for males.

Variables included in the model for definite M.I. (besides age) include sex, education
attainment, history of high blood pressure and Quetelet’s Index.

Variables included in the model for mortality included (besides age) sex, education,
total years of past smoking and presence of definite symptoms of AOD in 1977.

Variables included in the model for definite AOD symptoms include (besides age)
education, sex, childhood colds, childhood AOD, possible symptoms in 1977, years
smoked, years lived with a smoker and years worked with a smoker.

. Variables included in the model for definite bronchitis symptoms included (besides

age) education, sex, childhood colds, possible symptoms in 1977, years smoked
and years lived with a smoker. ‘

Variables included in the model for definite asthma included (besides age)
education, sex, possible symptoms in 1977 and years worked with a smoker.
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ABSTRACT

Long-term ambient concentrations of sulfur dioxide were evalyated in relation to
several chronic disease outcomes in a cohort of approximately six thousand non-
smoking California Seventh-day Adventists. The diseases of interest included
symptoms of respiratory disease, cancer, myocardial infarction and all natural cause
mortality. Sulfur dioxide levels were monitored between 1967 and 1987 throughout the
state of California and chronic disease incidence in the cohort was monitored between
1977 and 1982 for the cancer and heart disease outcomes and between 1977 and 1987
for the respiratory disease and mortality outcomes. The analysis of the data included
both a stratified and a multivariate Cox proportional hazards regression approach. After
taking into account several disease specific confounding variables, no significant
relations emerged between long-term sulfur dioxide levels and any of the disease

outcomes which were analyzed.
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INTRODUCTION

A recent report by the National Academy of Sciences concluded that "current air
pollution can cause acute and perhaps chronic health effects, particularly respiratory
effects in the population of the United States" (1). However, valid and reproducible
epidemiological studies of adverse health effects associated with ambient air poliution
are difficult to conduct in most human populations due to the confounding effects of
cigarette smoking and other variables. Several studies of air pollution and health have
been completed using the Seventh-day Adventists population of California, however, a
non-smoking population which experiences a wide degree of variation in exposure to
various ambient air pollutants. For example, Hodgkin et al. reported a statistically
significant fifteen per cent increase in definite symptoms of chronic obstructive
pulmonary disease (termed airway obstructive disease (AOD) in this paper) in non-
smoking Adventists residing in an area of high pollution (the South Coast Air Basin of
California) compared to those residing in less heavily poliuted areas of the state. This
result persisted in a multivariate analysis which controlled for several confounders
including age, sex, race, education, adverse occupational exposures and past smoking
history (2). Euler demonstrated statistically significant increased prevalence of definite
symptoms of AOD associated with both sulfur dioxide (SO,) and total suspended
particulates (TSP) in this same population (3). A later study also demonstrated
statistically significant elevated prevalence of definite AOD symptoms associated with
total oxidants but not nitrogen dioxide (4). A muitipollutant analysis conducted in this

latter paper showed that SO2 failed to retain a significant association with AOD when



TSP was included as an exposure variable in the model.

These studies have been useful contributions in that they have demonstrated
significant alterations in risk in a non-smoking population and have quantified that risk
in reference to numbers of hours in excess of various thresholds of ambient air
pollutants corresponding to state and national standards. However, they have been
restricted to the analysis of the cross-sectional data then available in which respiratory
symptoms data recorded by questionnaire at one point in time (1977) were correlated
with ambient air pollutants levels during previous years. Longitudinal data are now
available for this population for a six year period of follow-up (1977-82) during which
time incident respiratory symptoms data, cancer incidence data and cardiovascular
disease data were gathered. Mortality data are available for a ten year follow-up period
(1977-1986). Additionally,incidence of respiratory symptoms has been ascertained for
a ten year period (1977-1987) for those individuals still living in 1987. Recent papers
have reported on associations of health effects ascertained from this longitudinal data
and TSP and ozone. Analysis of long term cumulative levels of TSP and OZ indicated
that risk of malignant neoplasms among females increased with increasing frequencies
of all thresholds of TSP except the lowest one and those increased risks were highly
statistically significant. For respiratory cancers increased risk was associated with only
one threshold of OZ and this result was of borderline significancg (5). Analysis of
respiratory disease symptoms indicated statistically significant elevated risks for
incidence of asthma, definite symptoms of airway obstructive disease (AOD) and

chronic bronchitis with TSP in excess of all thresholds except the lowest one but not

e




for any thresholds of OZ. A-trend association was noted between the threshold of 10
pphm ozone and incidence of asthma (6). No associations were observed for all
natural cause mortality or incidence of definite M.l. with either TSP or ozone ).

In this report we extend the results of the analysis of the longitudinal data to
include results regarding ambient levels of SO, as they are related to airway obstructive
disease, cancer, cardiovascular disease and all natural cause mortality.

METHODS

This is a prospective epidemiological study involving approximately six thousand
Seventh-day Adventists living in California in 1976 who were participants in the Adventist
Health Study and who had resided within five miles of their current residence for at least
ten years. By church proscription, Adventists do not smoke although some members
of this cohort (36% males, 14% females) smoked prior to joining the church. In
addition to completing a detailed lifestyle questionnaire in 1976, members of this cohort
completed the NHLBI respiratory symptoms questionnaire in 1‘977. This 1977
questionnaire also elicited detailed lifetime residential histories which were used to
construct air pollution profiles for study participants. Measures of ambient air pollutants
including TSP, ozone, sulfur dioxide and sulfates in those areas of California inhabited
by members of the cohort were provided by the California Air Resources Board for the
period 1966-1977. Details of how these data were collected are described by Abbey
(8, 9). Therefore, as of 1977, each member of the study cohort had been carefully
characterized as regards lifestyle habits, residential history and ambient concentration

of several air pollutants.



Between 1977 and 1982 the cohort was followed-up and monitored for newly
diagnosed cancer and myocardial infarction. Details of the follow-up procedure have
been described by Beeson (10). Mortality follow-up of the cohort has been completed
through 1986. The analyses presented in this report concerns risk of cancer,
myocardial infarction (1977-1982), and all natural cause mortality (1977-1986) as they
were related to long term ambient levels of sulfur dioxide (802). Moreover, the NHLBI
respiratory symptoms questionnaire was completed again in 1987 along with
ascertainment of additional covariates by approximately 85% of the surviving members
of the 1977 cohort. Results of the analysis of SO, as regards incidehnce of respiratory
symptoms and change in severity of respiratory symptoms (1977-1987) are also
presented in this report. The size and nature of the various sub-cohorts discussed in
this report (which are not mutually exclusive) are summarized in Table 1.

STATISTICAL ANALYSIS

Different statistical methods were used for the data on cancer and cardiovascular
disease incidence and all natural cause mortality compared to the respiratory symptoms
data due to differences in the covariates available and the nature of the outcome data.
We first describe the statistical methods used for the data on incidence of cancer and
cardiovascular disease and all natural cause mortality; then the statistical methods for
the respiratory symptoms data.

Analyses for Cancer, Heart Disease and Mortality Data
Frequency distributions of SO, inside and outside SCAB were examined in order

to create cutpoints for the tertile categories used in preliminary age and sex adjusted
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stratified Mantel-Haenszel analysis. These distributions are graphically summarized in
Figures 1 and 2. The cutpoint used in creating the lowest exposure category for both
pollutants was taken to be that level experienced by 90% of the study population
residing outside the SCAB. The middle and upper tertiles were then created by
dichotomizing the remainder of the study population. After these tertiles were identified,
age and sex adjusted relative risks and 95% confidence intervals were calculated for
each level of SO, using the adaptation of the Mantel-Haenszel method for person-years
data (REF). Trend p-values were also calculated to determine the significance of dose-
response relationships in the data. These preliminary stratified analyses were
conducted as a check on the results of the final more sophisticated multivariate models
since they do not make any assumptions about linear or additive effects.

Cox proportional hazards regression models were constructed which
incorporated, in addition to age and sex, several other covariates which were deemed
potentially confounding. The terms included in the final models depended on the
disease outcome of interest. Examples of additional covariates include total years of
past smoking, educational attainment and exposure to passive smoke at home or work.
The specific covariates included in each model are presented in the footnotes to the
tables.

For both the stratified analysis and the multivariate analysis mean concentration
of SO, (1973-1977) was used as the main exposure variable in relation to risk of
disease during the follow-up period which commenced in April of 1977. As a check,

however, the final Cox models were rerun using average annual concentration for the



time period 1966 through 1977 as the exposure variable and also 1973 through year
of risk set. In additibn to mean concentration of SO,,, the threshold level of 4 pphm SO,
was also analyzed since earlier work in this study has indicated a significant positive
association between this level of SO2 and prevalence of AOD (3).

In the Cox models, for each of the disease outcomes except all natural cause
mortality, age was used as the time variable in the model since age is more closely
related to risk of disease than time on study (11). However, since we have detected
a substantial "Healthy Volunteer Effect” as regards mortality in this data set (10) for the
mortality analysis we used time on study as the time variable in the Cox models and
incorporated age (as of 4/1/77) as a covariate in the models.

As a check on the proportionality requirement of the Cox model, log-log plots
were created and the hazard function was examined across strata of covariates. In no
case was a violation of the proportional hazards assumption indicated by a cross-over
in the hazard function.

Analyses for Respiratory Symptoms Data

Multiple logistic regression'models were used for studying associations between

cumulative incidence (1977-1987) of definite respiratory symptoms and long-term

cumulative ambient concentrations of SO,. Individuals having definite symptoms in

1977 were excluded from analyses which used cumulative incidence as an outcome.
Individuals having possible symptoms in 1977 were included in such analyses and a
covariate was included to this effect. Another set of statistical analyses used change

in a respiratory symptoms severity score as the outcome variable. All individuals were
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included in these analyses, with a positive value of change in score indicating an
increase in severity of symptoms and a negative value indicating a decrease in severity
of symptoms. The 1977 symptoms severity score was used as a covariate in these
analyses. Multiple linear regression models were used for studying associations
between change in respiratory symptoms severity score and long-term cumulative
ambient concentrations of SO,.

Multivariate models were used in order to adjust for a number of covariates
simultaneously. The candidate covariates for the multivariate models are described in
detail by Abbey (6) along with their descriptive statistics for the cohort. The covariates
include demographic variables, past and passive smoking variables, occupational
exposures to air pollutants, and previous respiratory symptoms. The demographic
variables were forced into all regression models and included gender, age, and years
of education as of April 1, 1977. The past and passive smoking variables included
years smoked in the past, years lived with a smoker, and years worked with a smoker.
The exposures to occupational air pollutants included years of dust exposure at work,
and years of fume exposure at work. In addition to total years (lifetime through 1987)
of exposure to cigarette smoke and occupational air pollutants, exposure was measured
in periods prior to 1977, and between 1977 and 1987. In addition to this, whether or
not a person currently worked or lived with a smoker in 1987 and whether or not a
person was currently exposed to dust or fumes at work was recorded. None of those
individuals included in the study reported currently smoking in 1977 or since 1977.

Previous respiratory symptoms included frequency of childhood colds, whether



-or not the individual had-experienced definite symptoms of airway-obstructive disease

before the age of 16, and whether or not the individual had possible respiratory
symptoms in 1977 or for the change in respiratory symptoms severity analyses a 1977
respiratory symptoms severity score.

In order to ensure adjustment for demographic characteristics, three
demographic variables - gender, age, and education - were forced into all multivariate
analyses. Education was used as the best surrogate in this population for
socioeconomic level. As some Adventists work for the church for "missionary" wages,
we felt that educaﬁon was a better indicator of socioeconomic level for this population
than income.

Because of the large number of covariates available, stepwise selection
procedures were used to determine a final model by selecting from among the
secondary variables (all those other than the demographic factors), those variables
which were most strongly and statistically significantly related to the outcome variable.
These stepwise procedures were stopped when additional candidate variables entering
the model failed to achieve statistical significance at the 0.05 level. For the variables
which represented cumulative exposures over time, such as passive ;moking and SO,,
three forms were allowed to compete with each other for entry; these forms
corresponded to lifetime through 1977, exposures from 1977 through 1987, and lifetime
through 1987. For 802, “lifetime" was replaced with cumulations since 1973 which was
used as a surrogate for cumulations since 1966. It was felt that interpolations since

1973 were of better quality since the number of monitoring stations greatly increased
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in 1973. - The final models were  checked by replacing cumulations since 1973 with
cumulations since 1966. In no case were significant changes in results noted.
DEFINITION OF CANCER, HEART DISEASE AND MORTALITY OUTCOMES

Associations with ambient levels of SO, were made with six disease outcome
categories including all malignant neoplasms (ICDO, 140-200) in males, all malignant
neoplasms in females, respiratory cancer (ICDO, 160-165), definite myocardial infarction
and all natural cause mortality (ICDO 000-799). For the first four of these outcomes,
incident events were considered for the time period 4/1/77 through 12/31/82. Since
mortality ascertainment of the cohort had been extended through 1986 at the time this
analysis was initiated, the follow-up period for the analysis of all natural cause mortality
included 4/1/77 through 12/31/86.

DEFINITION OF RESPIRATORY SYMPTOMS OUTCO}\AES

Computer algorithms were used to classify individuals as having chronic
bronchitis, asthma, or emphysema. These computer algorithms were based on 21
respiratory symptoms questions from the standard NHLBI questionnaire. Hodgkin (2)
" lists the respiratory symptoms questions which were used and gives the percentage of
individuals having each symptom; they are explicitly defined by Abbey (6).

The computer algorithms classified individuals as having "definite” chronic
bronchitis, "definite" emphysema, or "definite” asthma. Individuals meeting the criteria
for one of these three diagnoses were classified as having "definite" airway obstructive
disease (AOD). To be classified as having "definite” chronic bronchitis, individuals

must have had symptoms of cough and/or sputum production on most days, for at least
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three months per year, for two years or more. For a diagnosis of "definite" asthma,
individuals must have been told by their physician thét they had asthma, as well as
having a history of wheezing. For emphysema, subjects must have been told by their
physician that they had emphysema, as well as having shortness of breath when
walking or exercising. Individuals not meeting the criteria for "definite" symptoms for
a respiratory symptoms complex, but having some respiratory symptoms associated
with that complex, were classified as "possible”. In addition to :':1 classification of
"none”, "possible”, or "definite" for each respiratory symptoms complex, a severity
score was developed for each respiratory symptoms complex as well as for overall
AOD to reflect the relative severity of the symptoms. The detailed definitions of these
scores are given in Abbey (6).

The computer algorithms were used to classify and score the individual’s
respiratory symptoms complexes as ascertained by questionnaire in 1977 and again
in 1987. Since there were an insufficient number of cases of emphysema to warrant
disease specific analyses for this outcome, we restricted analyses to the three
outcomes - AOD, chronic bronchitis, and asthma. Cumulative incidence for each of
these outcomes was defined as having definite symptoms in 1987 but not having
definite symptoms in 1977.

| RESULTS
Cancer, Myocardial Infarction and All Natural Cause Mortality
For the incident disease events, approximately 25,000 person-years of follow-up

occurred between 1977 and 1982. Numbers of cases were as follows: All malignant
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neoplasms in males and females were 89 and 136 respectively; 14 respiratory cancers;
50 cases of definite myocardial infarction and 639 deaths from all natthjral causes, 1977-
1986 (in approximately 41,000 person years of observation).

The association between mean concentration of SO, (1973-1977) and the six
disease outcomes are presented in Table 2. For all malignant neoplasms in both males
and females the coefficients are positive. They are also positive for definite myocardial
infarction and all natural cause mortality but the absolute value of the coefficients for
the latter two disease outcomes are an order of magnitude smaller than for the cancer
outcomes. None of the coefficients approach statistical significance. For respiratory
cancers, and the respiratory symptoms outcomes, the regression coefficients are
actually negative in sign. These results were unchanged when the exposure period
included 1966-1977 and are compatible with the results obtained in the Mantel-Haenszel
stratified analysis. As a check on the resuits obtained using mean concentration of
SO,, the threshold level of 4 pphm of SO2 was also examined since earlier results have
suggested that ambient concentrations in excess of this level of SO, were associated
with an increased prevalence of definite symptoms of AOD in this population (3). Again,
none of the beta coefficients approach statistical significance.

DISCUSSION

SO, was not as widely monitored as TSP and ozone in our study areas. This
resulted in loosing approximately 24% of the person years from the cancer and heart
disease incidence data and 28% of individuals from the respiratory symptoms analyses

due to individuals living greater than the maximum interpolation distance of 50
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kilometers from a station monitoring SO,. The EPA has suggested categories of
distances ffom stations within which the concentrations monitored at the stations may
be considered representative (12). The quality ratings for SO, are the same as for TSP
and are described by Abbey (9). Quality ratings were incorporated into the
interpolations to reflect these distance categories. The final statistical models for each
outcome were rerun, restricting interpolations to those which could be considered
representative or moderately representative, less than 6 miles or 9.6 kilometers.
Results concurred with those described above. This restriction, however, resulted in
reducing the number of individuals available for analyses by another 50%.

A separate study of the accuracy of interpolating ambient concentrations from
monitoring stations described in detail by Abbey (9) indicated no statistical difference
between cumulative 2 year concentration of SO, at monitoring stations and those
interpolated from the three nearest monitoring stations. The correlation between
interpolated and monitored values was 0.63.

The negative results reported in this study relating long term ambient levels of

' SO2 to adverse-health effects in humans should be considered within the context of the
geographic area within which the study was conducted. Aithough the study location
included three large metropolitan areas of California and some of these areas
experienced relatively high levels of TSP and OZ during this time period, ambient levels
of SO, were relatively low.

Levels of Sulfur Dioxide in the Areas Under Study

Within the South Coast Air Basin (SCAB) where two-thirds of the population
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resided for example, average mean concentration of SO, for the time period 1973-1977
was only 1.2 pphm (0.012 ppm) while outside SCAB average mean concentration of
SO, was only 0.30 pphm. In contrast, in more polluted areas of metropolitan New York,
during 1971-1972, SO, levels varied from 0.067 to 0.162 ppm (13). These low levels
may have 1) resulted in no adverse health effects as we have reported or 2) adverse
health effects of a magnitude which were too small to detect given the size of the study
population. Previous studies of this same study population during the same time period
have, however, noted increased prevalence of AOD associated with 4 pphm of 802 (3)-
In a later muitipollutant analysis, however, Euler (4) noted that the association of SO,
and AOD was no longer statistically significant when TSP was added as an exposure
variable in the model. Because of this, and the fact that our current analyses use
incidence of AOD as ascertained by prospective follow-up, we tend to attach more
credence to the current findings of no association.

Ware et al summarized the evidence for health effects (primarily AOD) of long
term exposure to SO, in 1981 (14). The lowest level of SO, reviewed in that report
corresponded to 1 pphm which is higher than the levels evaluated in this study. In that
review Ware noted that at 1 pphm the only adverse health effect was increased
frequency of acute lower respiratory disease. These results were obtained in a cross-
sectional study in two communities in the southeastern United Statés (15).

Since the time that Ware’s review was published we have located an additional
eight studies (16-22) which have evaluated ambient SO, levels as related to AOD.

These studies are summarized in Table 4 which demonstrates that, when levels of SO2
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were reported that they were much higher than the levels reported in this study.

Our negative results regarding SO, levels and all natural cause mortality are in
agreement with a recent analysis of mortality and air pollution in London which
concluded that, after taking into account the influence of particulates "the evidence for
an independent relation between SO, and mortality is weak (23). There are data,
however, which indicate that there are short term effects of SO:2 on total mortality and
that these effects are independent of particulates (24).

Our negative findings regarding SO, levels and the cancer outcomes is also
consistent with most previous studies which have addressed this issue. Only one
correlational study which evaluated SO, levels as high as 111 mcg/m? found an
association with respiratory cancer that was statistically significant (R=0.37) (25).
Again these levels are higher than levels experienced in metropolitan areas of
California, 1973-1977.

Relatively few investigations of air pollution and cardiovascfjlar disease have
been conducted and those which have been done were primarily concerned with
ambient levels of carbon monoxide as it relates to heart disease (26). There is some
limited evidence that there may be an association between SO, and cardiovascular
deaths and between sulfate levels and exacerbation of heart disease in the elderly (27)
although no evidence exists in our data to support any association between ambient

SO, and the incidence of definite myocardial infarction.
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TABLE 2
Cox Proportional Hazards Regression Analysis of Mean Concentration Of SO

(1973-1977) and Several Disease Outcomes In the AHSMOG Incidence Population.

Disease Qutcome N i} S.E. (B) Z

All Malignant 89 0.0001375 0.0002107 0.65
Neoplasms - Males'

All Malignant 136 0.0001325 0.0001641 0.81
Neoplasms - Females

Respiratory Cancer 14 -0.0003634 0.0005467 -0.66

Definite M.l. 2 50 0.0000216 0.0002746 0.08

All Natural Cause 639 0.0000013 0.0000760 0.02
Mortality® (1977-1986)

Definite Sxmptoms 202 -0.05664 0.1421 -0.399
of AOD

Definite Symptoms of 176 -0.63269 0.3956 -1.60

Chronic Bronchitis®

Asthma® 61 -0.37554 0.2653 -1.42

1.

Terms included in the model were age, sex, education, total years smoked and
exposure to occupational air pollutants (males only). Years lived or worked with
a smoker were allowed to compete for entry but failed to enter.

Terms included in the model were age, sex, education, hx of blood pressure,

- Quetelets. index and total years smoked. Hx of diabetes, breathlessness index

and exercise index were allowed to compete for entry but failed to enter.
Terms included in the model were age, sex, education and total years smoked.
Definite AOD and years lived and worked with a smoker were allowed to
compete for entry but failed to enter.

Terms included in the model were age, sex, education, total years smoked,
whether or not had possible symptoms of AOD in 1977, years of dust exposure
through 1987,and frequency of childhood colds.

Terms included in the model were age, sex, education, total years smoked,
whether or not had possible symptoms of chronic bronchitis in 1977, frequency
of childhood colds, years of dust exposure at work through 1987, years lived with
a smoker through 1977.

Terms included in the model were age, sex, education, whether or not had
possible symptoms of asthma in 1977, years worked with a smoker through
1987.




NVO

"'UMOYS 9q PINOD snJe)s SSIUSSI| o5e ‘[eanuop
Y11esYy uj S9OUQIYJIp OU ‘yunodoe -yieaig Jo s1eof $9 uj Apnis (6L61)
ojuj udxel arom Supjows pue ERTHE tos -Gp ‘uowom [euonI9s ‘Ie
98e ur soouoIoyip A0 191Ul USYM ON ON SO ygnop dsL U QQg -ss01D) | 19 Aoxqny
L (0s61)
-uonnjod arenonied pue jueprxo X0 €08 ~ZL61 V1 Ul woy
Y31y yum sep uo sydene poseasour JUD101JJ200 yoene | *oN “os sopewyise | sonewyise jJo | pue aiow |
oAey 0) popud sistpoued oy, ON ON SO uojssa1891 ewisy | 4SY ‘dSL | Jo spoued 9 Apnis joueg “ONMIUM 4
juejuj
se jjupe
endsoy
Kioendsas
‘sgurjqrs
uj ssoujpy 8L61
15949 ‘ygnoo HO
Jo11e) ‘uoiiwey
‘Ynoo ul Apmis
"PI19NPU0I $1591 [BONISIIRIS JON Y10 oougeadrd (v861)
*K119 oy Jo seaze uonnjjod ne ySiy :Jo uApHYd Jeuono9s e
uf 159431y Lprqiow jo sousjeAdlg ON ON ON | 9ouajeassg fuoanbaiyg dSL J00Y3s €66€ -§8010) A1aSuayg
‘pouad awes a3 ssoujji
Suunp suonenusuoo Yog, pue Lorend
dS.L Yyna parepoosse Apuesijiugdys -501 JoMOj
2JoM UONBUJWEXD [ENUUR PUOIIS sniyouolq LLGI-BLGI
ay1 01 Joud pontad 1eak auo oy yfnoo ¢os | uaspnys j00yas feurpnnguoj
Supnp ssouyr K1orendsos 1omoj pue lliclallibive] Jo fosL | waosajopearg ‘1eaf € Apmis (9861)
‘sniyouoiq ‘y8nod Jo sapuanbaiyg ON SOX sox | uoissaidoy Kouonboig dSL UM 901'01 SaNS XIS | j¢ 19 asem
o (aunsodxo
o u3m jo 007
idnoQ | pue aEwnse R2491 %) odesdoon
oopg | iSumows pue ainseow swoeoInQ oiqeueA | (o0es ‘ofe ‘xa5) | ereq o odf], Teak
sdupurg rofepy | so0puy oarssed | Suryows RIUH ‘AOv | sunsodryg srdureg ‘samog

——

Apmig Jo od{1,

(aQoV) "SVHESIA AALLONYLSIO SAVMYUIY ANV NOLLNTIOd ¥V 40 SAIANLS DIDOTOINAdIdd LNJOHY

tHI9V.L




*9SBISIp

f10ye11dsal
10j LL6T-TL61
-Anipiqiour aseasip A1ojendsor «S1091J19 SUoISSfuIpe ‘0D
pue HOD U99M12q UOIIRID0SS. yjedy fouadrowrd {19) Kuoydany €961
(so'0>d) 1ueoyiuGis e pomoys eiep armeuraxd 1uagin HOO | AuaySoyrv jo ur Apnis I
suoneis Supojiuour 91 Jo SUQ ON ON ON %, Jo "ON ?0s uonerndod uonep1Io) | epwnzep
‘(10:0>d) Aroansadsar
Ob'I Pue G6°'T O1 paseaIoul ¢ opesd
SYSII 9ANR[RI 9Y) ‘s1edA G 1589 1B ‘eoudsig (¢ .
10] 90ejd sures oY) Ul papIsal oym ‘s)ydu $911019211p
asoy) Suowry -eare uonnjjod moj e 10 sAep 1sout suoydon
Ul SJuapISI 01 9ANRII ‘AjaAndadsol ozooym (€ goe 6L6T-PL6T
(zo'o=d) 97’1 pue 85'T sem seale wSoryd WOIj Pa1d3Ias W u1o1som
uonnjjod wnipow pue y3iy 2yl (1D %s6) ooy (g Ajwopuel ur Apnis
ur Suipisol s1ojows-uou ur Siydru Sppo ysnoo (pw/Sow usuIom JeUOI199S €861
10 skep 1sowW 9Z99YyMm, JO A1y ON $IX SOX 2AIR[Y swoiy) (1 66) COS Nnpe LSSS -ss01) | IojquSyos
*s1k $1-0 o3¢
‘suossiupe
ewise(y soigJ|ns
safe e [0s010V
‘SuoIssHupe (1rour
‘suoIssipe ewyise(g 8v'6)
ewiise 10 A101e11dsar up oouelIeA ewyise HOD
341 JO %G 1NOQE 10) WUNOIOR Suipnpoxa (wydd
ammesodwo pue FOg Jowuns suotssiwpe | £6°€) €OS
ur 1ey1 21ed1pul suolssaigar odninw *dsa1 [v101(7 (wydd adoad €861-PL61
asimdolg -suorssiwpe L1ojelidsar SuoIsSjwpe 12°9) uolw ‘olreluQ
uBaW WOJ1J UONRIAID %, pue SIUDIDIJJO0D *dsax fON 6'S Suiatos wYInos L1861
ameradwn €og Y0s €0 usomiag uonepRIIod | [B10} Ul Uon (qdd | sendsoy 21ed ul Apnis ‘0121
1SIX9 SUONIB[91100 JUBdYIUSIS ON ON ON uosiedd | -emap % (1 89) fo 2NV 6L 1 0]11:1233(ve) % soieg
(oansodxo
O 43y jo 207
idnooQ | pue ewnsd S99 %) aiyderdoan
anog | i8unows pue 210SeowW swoNnQ sqerep | (so0es “93e “xog) eye(q jo odAL Teaf
suputy Jofe | Joopul onssed | Sumows 0 ‘aov asnsodxg oidwes | Apmg jo odff, ‘a01n0g




_ %%

/%

\

~

/%

é_

/
@

;

MEAN CONCENTRATION (pphm)

0//

SO, -

of sulfur dioxide

in the study population, 1973-1977.

Figure 1. Distribution
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Figure 2. Distribution
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