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To investigate the possible relationship
between airborne particulate matter and
mortality, we developed regression models of
daily mortality counts using meteorological
covariates and measures of outdoor PM, .
Our analyses included data from Cook
County, Illinois, and Salt Lake County,
Utah. We found no evidence that particulate
matter <10 pm (PM, ) contributes to excess
mortality in Salt Lake County, Utah. In
Cook County, Illinois, we found evidence of
a positive PM,  effect in spring and autumn,
but not in winter and summer. We conclude
that the reported effects of particulates on
mortality are unconfirmed. Key words: causal
inference, model selection, observational
data, PM] o Poisson regression, semi-para-
metric modeling. Environ Health Perspect
103:490-497(1995)

To determine if airborne particulates con-
tribute to excess mortality, researchers have
adopted multiple regression techniques to
measure the effects of particulates on daily
death counts (7,2). Other factors, such as
extreme temperatures, can affect mortality,
and regression techniques are used to
adjust for these other known influences.
Though many factors could be involved,
research has generally limited attention to
meteorological sources such as temperature
and humidity. In some cases, other air pol-
lution measures such as sulfur dioxide and
ozone are included. The regression coeffi-
cient corresponding to a measure of partic-
ulate level is then interpreted as the effect
of particulate pollution on mortality,
accounting for stress from the other influ-
ences. If this coefficient is a statistically sig-
nificant positive number, the conclusion is
that mortality increases with increasing lev-
els of particulates. This association is then
elevated to a causal interpretation: particu-
lates cause death, and researchers estimate
that soot at levels well below the maximum
set by federal law “kills up to 60,000 in
U.S. each year” (3,4), and similar calcula-
tions “put the annual toll in England and
Wales at 10,000 (5).

Studies vary as to the particulate mea-
sures used and the locations analyzed. In
the analyses presented here, we used PM,,,
which specifies particulate matter with an
aerodynamic diameter <10 pm (6). The
current U.S. EPA standard is based on this
measure. The locations we analyzed, Cook
County, Illinois, and Salt Lake County,
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Utah, both have relatively long records of
PM, , monitoring. The monitoring data are
discussed in more detail in Methods.

The data used in the analyses (meteo-
rological conditions, particulate levels,
death counts) are observational; that is,
data that are measured and recorded with-
out control or intervention by researchers.
Deducing causal relationships from obser-
vational data is perilous. A practical
approach described by Mosteller and
Tukey (7) involves considerations beyond
regression analysis. In particular, consider-
ation should be given to whether the asso-
ciation between particulate levels and mor-
tality is consistent across “settings,”
whether there are plausible common causes
for elevated particulate levels and mortali-
ty, and whether the derived models reflect
reasonable physical relationships.

There is a high degree of association of
PM,, with meteorology, and a high degree
of association of mortality with weather. For
example, in the summer in Cook County
the correlation coefficient between the daily
average of PM,, and daily mean tempera-
ture is 0.52 and the correlation between
daily elderly (age 65 or older) mortality and
mean temperature is 0.25. The confound-
ing effects of weather as a partial cause of
both particulate levels and mortality may
not be controllable by standard regression
methods; the appearance of an effect for
particulates, i.e., a positive coefficient for
the PM, ; term, may, as a result, be spurious
(see Appendix B). We have not addressed
the issue of errors in variables, which can
also be a cause for spurious relationships.
The concern about errors in variables arises
from the differences between measured
PM,, and the actual PM, exposure experi-
enced by the population. PM,; measure-
ments are taken outdoors, but people tend
to spend most of their time indoors, espe-
cially the sick and elderly who are believed
to be the most vulnerable. Similarly, the
meteorological covariates we include repre-
sent outdoor conditions. And again, when
explanatory variables are measured with
error, the result is not necessarily attenua-
tion of the regression surface. In multiple
regression, the result can be an artificial
increase in the magnitude of the estimated
coefficients.

The results for Cook County and Salt
Lake County show that the appearance

and size of a PM, effect is quite sensitive
to model specification. In particular, the
treatment of season affects the estimates of
the PM, effect. In Cook County, we
found a significant interaction between the
time of year and PM,,. Using a standard
Poisson regression model, we found that
PM,, appears to be significantly associated
with mortality in the spring and fall, but
not in the winter and summer. Using a
semi-parametric model (Appendix A), we
found that only the months of May and
September exhibit a particulate effect. In
Salt Lake County, the semi-parametric
model suggests a similarly isolated PM
effect limited to the month of June, but
we found no evidence of a PM,, effect in
any model using Poisson regression.
Hence, we conclude there is no evidence
of a consistent association between partic-
ulates and mortality.

Several studies carried on at various
locations in the United States have report-
ed small yearly increases in mortality
resulting from increases in particulates. In
our Cook County analyses, the effect of
PM,, in the spring and fall induces a simi-
lar positive yearly increase in mortality
from increases in particulates, but the
increase is from one-half to one-third the
size usually reported in other studies
depending on the analyses performed. In
Salt Lake County, the size of the yearly
effect is far smaller and statistically
insignificant. What remains unexplained is
why, in Cook County, effects should
appear in the spring but not in the sum-
mer, and in the fall but not in the winter.
Neither is it clear why the effect of particu-
lates on mortality should not appear in any
season in Salt Lake County.

The appearance of a PM, effect in the
spring and fall in Cook County led to the
speculation that pollen may be implicated,
but no such evidence was found using
pollen data monitored in the city of
Chicago, the major population component
of Cook County. Other analyses carried out
for the fall season in Cook County on differ-
ent subgroups of the population produced
no definitive differences among subgroups.

The inconsistency of the regression
analyses, the unresolved status of plausible
common causes of particulate levels and
mortality, the confounding effects of
weather, and the unavailability of plausible
biophysical mechanisms to explain the

Address correpondence to J. Sacks, National
Institute of Statistical Sciences, PO Box 14162,
Research Triangle Park, NC 27709-4162 USA.
This research was supported in part by the U.S.
Environmental Protection Agency under coopera-
tive agreement CR819638-01-0 and by a National
Science Foundation Grant (DMS-9208758).
Received 27 October 1994; accepted 15 February
1995.

Environmental Health Perspectives



Articles ¢ Particulate matter and death counts

empirical analyses prevent us from conclud-
ing that there is an effect between “today’s”
mortality and “yesterday’s” particulates.

The question appears to be unresolved.

Methods
Data

The data used for the statistical studies have
three main components: mortality counts,
particulate levels, and meteorology. The
sources of the data are described in this sec-
tion along with some summary statistics.

Mortality data. Daily death counts for
the period 1985 through 1990 came from
death certificate records for Cook and Salt
Lake County residents, collected by the
National Center for Health Statistics, and
made available to us by John Creason,
EPA. Although mortality data are avail-
able for longer periods, PM,, data are
unavailable before 1985. Each death
record contains a cause of death code and
some basic demographic information. In
compiling daily death counts, we exclud-
ed all deaths from accidental causes, as
well as deaths of county residents occur-
ring in other locations. We refer to the
remaining number of deaths as total
deaths. The main analyses were per-
formed with total deaths among the pop-
ulation aged 65 or older (elderly deaths).
We carried out additional analyses for
total deaths, unrestricted by age, for
deaths classified by specific causes, and for
selected population subgroups such as
elderly blacks and elderly males. We clas-
sified the disease-specific causes of death
by the International Classification of
Diseases (ICD) codes that appear on the
mortality records. We adopted the classi-
fication scheme detailed in Fairley (8),
extracting cancer deaths (ICD categories
140-209), circulatory deaths (ICD cate-
gories 390-459), and respiratory deaths
(ICD categories 11, 35, 472-519,710.0,
710.2,710.4).

In Cook County, there was an average
of 117 nonaccidental deaths per day for all
ages. Among residents aged 65 and over,
there was an average of 83 deaths per day.
Death counts vary by time of year, with
higher numbers in winter and fewer deaths
in summer. In Salt Lake County, there was
an average of 9 nonaccidental deaths for all
ages and 7 nonaccidental deaths for resi-
dents 65 and over. As in Cook County,
there are slightly more deaths in the win-
ter. Table 1 displays some summary statis-
tics for both Cook County and Salt Lake
County mortality.

Particulate data. In current monitoring
efforts, particulates are measured through-
out the United States. There are both 24-hr
and annual ambient air quality standards
for particulate matter (6). In the first case,
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the standard is attained when the expected
number of days per calendar year with a
24-hr average concentration above 150
pg/m” is equal to or less than one. In the
second case, the standard is attained when
the expected annual arithmetic mean con-
centration is less than or equal to 50 pg/ m’.
To comply with these standards, it is suffi-
cient to collect samples from each monitor-
ing site only once every 6 days, though
there are a few locations with monitors that
operate on a daily basis. For Cook County,
the particulate data come from a network
of PM,, monitors reported in the EPA
Aerometric Information Retrieval System
(AIRS) for the period 1985 through 1990.
During this time, there were 20 separate
monitors in operation, though several mon-
itors were operated for only a brief period
of time. The Cook County network
includes one daily station where PM, ; sam-
ples are collected on a daily basis. The
remaining stations collected samples every
sixth day. The daily station observations are
frequently missing, with 69% of the values
recorded once the monitoring station began
operation in April 1985. To fill in some of
the missing values, we used the daily means
of all available monitoring data as the basis
for constructing our measures of PM, .
With all available data, there are observa-
tions for 75% of the days after 1 April
1985. Since many of the 20 monitoring
stations were in operation for a short peri-
od, there is a maximum of 12 observations
on any single day. Furthermore, the 6-day
monitoring stations tend to operate on the
same schedule, so many of the days have
only the single daily monitor contributing
to the daily mean.

In Cook County, PM, levels are
generally highest in the summer. Figure 1
shows the distribution of daily PM, val-
ues by month. It is clear that mean levels
are generally well below the EPA stan-
dard of 150 pg/m3. In Table 2, the daily
means from all available stations are com-
pared with the values from the single
daily monitoring station. These show
close agreement, with three observations
over the EPA standard for the daily sta-
tion and two observations over 150 for
the daily means.

In Salt Lake County, there were six
PM,, monitors operating between June
1985 and December 1990. The monitoring
network includes two daily stations. We use
the observations from just one of the daily
stations, station 12, in this analysis. Station
12 is centrally located in Salt Lake County.
The second daily monitor is located in a
more remote section of the county and was
considered to be unreliable to use in mea-
suring general exposure levels. Figure 1
shows the distribution of daily PM, values
by month for the centrally located daily sta-
tion (station 12). The distribution of PM,
in Salt Lake County differs slightly from
the distribution in Cook County. The
overall levels are similar, though there are
more days in Salt Lake County with PM,,
levels over 150 pg/m3. Unlike Cook
County, there is an increase in overall levels
in winter (December—February), though
isolated occurrences of high particulate lev-
els occur throughout the spring and sum-
mer. In Table 2, we present some summary
statistics from the single daily station used
in this analysis.

Meteorological data. The meteorologi-
cal data used in this study are based on
hourly surface observations taken at
O’Hare International Airport (Cook
County) and Salt Lake City International
Airport (Salt Lake County). We extracted
the data from the National Climatic Data
Center’s National Solar and Meteoro-
logical Surface Observation Network
(1961-1990) database, which contains
hourly surface observations in addition to
solar radiation data. Our primary analyses
concentrated on three meteorological vari-
ables: temperature, specific humidity, and
barometric pressure. We excluded other
variables such as solar radiation, cloud
cover, wind speed, and wind direction.
These variables were omitted to make our
primary analyses more directly comparable
with other research and because factors like
wind may have more direct connection
with PM,; than those included. For each
variable we did include, we calculated the
daily mean, based on hourly values. And,
because weather may have a lagged effect
on mortality, we also included the values
of temperature, humidity, and pressure

Table 1. Mean daily mortality for nonaccidental causes of death

Cook County Salt Lake County
Elderly? Total”  Circulatory® Cancer  Respiratory  Elderly Total

Winter 90.4 126.7 62.5 289 11.8 74 10.2
Spring 82.3 116.7 56.3 283 10.2 6.8 9.2
Summer 770 110.6 52.6 284 8.8 6.3 8.5
Fall 815 115.6 54.9 29.2 9.6 6.6 89

°Elderly mortality indicates the subset of these deaths among county residents aged 65 and older.
otal mortality indicates the mean number of daily deaths of county residents of all ages, excluding

accidental deaths, homicides, and suicides.

“Circulatory, cancer, and respiratory deaths are classified by the primary cause of death code listed on

residents’ death certificates.
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Figure 1. Daily particulate matter <10 um (PM,,) by month for (A} Cook County and (B) Salt Lake County.
Box plots by month showing the distribution of the daily network averages of PM, observations for Cook
County, and the observed values from the centrally located daily station in Salt Lake County.

Table 2. Summary of particulate matter <10 ym (PM,,) values®

No. days
Min  25th Percentile Median  75th Percentile Max over 150 ug/m3
Cook County
Daily station 3 28 38 51 365 3
Network mean 4 27 37 50 365 2
Salt Lake County
Daily station no. 12 9 3 . 48 67 194 13

“Statistics listing the minimum, 25th, median, 75th, and maximum PM, values for daily stations in Cook
and Salt Lake Counties, and the corresponding network averages for all available monitoring data.
®The number of days with PM,, values >150 pg/m” is listed i the final column.

from the 2 previous days. In other analy-
ses, we considered the effect of wind chill
in the winter and solar radiation and a heat
index in the summer. These variables did
not improve the prediction of mortality;
the analyses are not included. The inclu-
sion of wind speed and lagged wind speed
in Cook County did not change the results

492

from any of the models fit without wind.
Table 3 presents a summary of the
meteorological data considered in various
analyses. The data set containing the origi-
nal hourly observations for these variables
had only a few (nonsequential) missing val-
ues. We filled in the missing hourly obser-
vations by assigning the value from the pre-

vious hour, and then computed the daily
mean values based on 24 observations.

Pollen data. Pollen data were obtained
from the pulmonary unit at Grant
Hospital, Chicago, Illinois, courtesy of
Judith Young. During the study period,
pollen counts were recorded on a daily
basis, except for weekends and holidays,
when cumulative samples were taken. To
fill in daily pollen values from the cumula-
tive values, we used a model to predict
daily pollen from local meteorological con-
ditions and then distributed the total
pollen amounts to the individual days
based on this model. We considered pollen
from trees, mold spores, and ragweed.

Model Formulation

Our primary analyses modeled daily death
counts as a Poisson process. For most
analyses, we split the data by 3-month sea-
sons and fit separate models within each
season. Winter is taken as December—
February; spring as March-May, etc. All
season-by-season models include a yearly
factor and a within-season trend (day)
component. The specification of the trend
component differs by season. For each sea-
son, we considered either a polynomial or a
piecewise linear trend component and
selected the shape that fit the data best.
Although the covariates differ for different
analyses, the basic model assumes that the
daily death counts (¥) are Poisson-distrib-
uted with
log(EY) = XB

where X contains terms corresponding to a
yearly factor, a within-seasonal trend com-
ponent, relevant meteorological covariates,
and a measure of particulates. The parame-
ters of the model were fit by the iterative,
reweighted least-squares algorithm in the
statistical software package Splus
(MathSoft, Inc., Seattle, Washington) (9).

To account for a possible lagged effect
of PM,,, we focused primarily on the 3-
day PM,, the average of the current day’s
PM, , together with the values for the 2
preceding days. Missing values were
ignored, so the mean values were based on
any available observations. We compared
the results from these models with models
that incorporated each of the 3 single-day
values. We also did analyses using only the
current day, a 2-day PM,; (today and yes-
terday), and a 5-day PM,, (today and 4
previous days). In essence, the results using
the 3-day PM, are consistent with these
other choices of PM,, measures, so we
only report a typical result from Cook
County using the 5-day PM, in the fall.

Auxiliary to the Poisson regression
models used is a semi-parametric model
which, through its nonparametric charac-
ter, avoids the necessity of specification of
special forms while allowing a reasonably
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Table 3. Description of meteorological variables

Variable Description

trean Average daily temperature (°C) from hourly observations

tlag-1 Average temperature from 1 day before

tlag-2 Average temperature from 2 days before

Gmean Average daily specific humidity (g/kg) from hourly observations
glag-1 Average specific humidity from 1 day before

glag-2 Average specific humidity from 2 days before

pr Average daily station pressure (millibars) from hourly observations
prlag-1 Average station pressure from 1 day before

prlag-2 Average station pressure from 2 days before

Table 4. Candidate covariates for Poisson regression analyses based on results from semi-parametric

modeling on elderly mortality

Month? Cook County Salt Lake County
January day’ PPt peanday
February Gmeand1ag-1,pr.prlag-2 day,prlag-1,prlag-2
March day, 3-day PM,od

April

May tnean41ag-2, 3-day PM,g

June pr day, 3-day PM,,
July trean qlag-1,prlag-2, 3-day PM,,
August tlag-1,pr,qlag-1

September qlag-2,pr,prlag-2, 3-day PM,, day,t oan

October pr

November glag-2

December day,qglag-1,prlag-1 day,tlag-1

PM,,, particulate matter <10 pm.

Active variables appearing in the month-by-month analyses using the semi-parametric model described

in Appendix A.
®The variable day is the day of month (1-31).

“The meteorological variables are described in Table 3.
he 3-day PM,, is the simple average of the observed network daily means for the concurrent day and 2

previous days.

accurate selection of important covariates.
The details of the model as it was used are
given in Appendix A. This model is used
in several ways. Primarily, it was used to
select relevant meteorological covariates
and to focus on potentially important
interactions as well as nonlinear functional
forms for some of the covariates. Models
selected in this fashion tend to be more
parsimonious than models selected with
standard stepwise procedures, with no loss
of explanatory power. In addition, a
month-by-month analysis using the semi-
parametric model revealed that PM,; was
usually an inactive factor.

By focusing on the months where PM,
does appear active, a possible connection
with pollen was suggested. Accordingly, we
obtained pollen data from the City of
Chicago and introduced it in the month-
by-month analyses of May and September,
as well as in additional analyses covering
August 15 to September 15, the ragweed
season. In no case did any pollen variables
appear as active factors in the semi-para-
metric model. Given the available pollen
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monitoring data, the observed PM; effect
in May and September is not explained by
the presence of pollen particles.

With the focus on 3-day PM,,, the
meteorological covariates that were con-
sidered at the first stage include the cur-
rent day’s values as well as values for the
preceding 2 days. The particular covari-
ates included for a season’s analysis incor-
porated those found in the monthly
analyses by the semi-parametric model.
Table 4 shows the set of active factors for
each month in both Cook County and
Salt Lake County in the semi-parametric
model. We considered each of these
covariates as the candidate variables for
inclusion in the Poisson regression mod-
els, along with the functional forms and
interactions suggested by the fitted
response surfaces from the semi-paramet-
ric model. To illustrate this use of the
semi-parametric model, we include some
plots of estimated effects of 3-day PM,,,
temperature, pressure, and day-of-year
for some selected months (Fig. 2). These
effects are computed by conditioning the

remaining variables on their median val-
ues, that is, by fixing them equal to their
median values. The plots show the so-
called Christmas effect on mortality, with
a spike in the number of deaths around
the beginning of January, the linear effect
of PM, in May and September, and the
nonlinear effects of temperature and pres-
sure. Using the combined list of covari-
ates from the months composing each
season, we used a stepwise variable selec-
tion technique to obtain a model without
any measure of PM, . Typically, this led
to two or three meteorological covariates
selected for each season to predict daily
mortality. As a final step, we included the
measure of PM,, and examined the
direction and size of the corresponding
coefficient.

To illustrate the importance of consid-
ering a season-by-season analysis, we also
present results from an analysis combining
the full year of observations for both Cook
County and Salt Lake County. In this
analysis, we fitted a yearly factor, a cubic
time trend for each season, the meteoro-
logical covariates that were significant pre-
dictors of mortality in the season-by-season
models, and seasonal interaction terms for
selected meteorological covariates. We then
compared the estimation of the PM,,
effect from the models with and without
PM, -by-season interaction terms.

Results and Discussion

Empirical Evaluation in Cook
County

There are several sets of results for Cook
County. We first present full-year and sea-
son-by-season analyses using the Poisson
regression model estimating daily death
counts for individuals 65 and older (elderly
mortality). Because daily death counts are
high here, an ordinary (normal) regression
model will give similar results. The linear
predictors are detailed in Tables 5 and 6.
As discussed in the previous section, the
covariates other than the yearly factor and
the PM, ; variable were chosen using step-
wise selection techniques based on the list
of candidate covariates in Table 4. Other
models and results for Cook County are
summarized in Table 7.

In our full year analysis of Cook
County, we conclude that it is necessary to
estimate a separate PM,  effect for each sea-
son. Since the effect of meteorology differs
by season (for example, increasing tempera-
ture acts as a stress factor in summer but
decreasing temperature creates stress in
winter), we began by considering models
for the full year, which permitted separate
estimates of the effect of weather within
each season. Our final full-year model to
predict elderly mortality from meteorology
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includes separate seasonal terms for the
yeatly factors, the day-of-year effect, and
temperature lagged 1 day. This permits the
estimation of separate coefficients within
each season for these terms. Other covari-
ates whose effects do not vary significantly
by season for Cook County include specific
humidity for the concurrent day, 2-day
lagged specific humidity, and station pres-
sure for the concurrent day and previous
day. We added the 3-day mean PM, vari-
able and compared the results from fitting a
single estimate for the entire year with fit-
ting separate estimates by season. The esti-
mate for the single PM, effect is 0.00054
with a standard error of 0.00020. Hence,
an increase of 10 pg/m” of PM, corre-
sponds to approximately 0.54% more
deaths, given constant levels of all other
covariates. When the season-by-PM,
interaction term is added, the PM, effect
remains significant only in the spring and
fall (Table 5). The estimated effects for the
winter and summer are essentially zero.
The chi-square test for the difference in
deviance caused by inclusion of separate
seasonal estimates for PM, ;) supports this
inclusion with a p-value of approximately
0.001. To compare the overall effect of
PM,, from this model, we calculated the
predicted increase in the number of deaths
in each season if PM,, were increased by
10 units. Specifically, we added 10 units to
each of the observed values of PM,; and
calculated the total number of predicted
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deaths. The overall predicted increase in
mortality is 0.63%. A similar calculation,
based on independent analyses of each
month using the semi-parametric model,
produces a 0.41% increase.

A finer tuned season-by-season analysis
is obtained by fitting a separate model for
each season. Here, we used the variables
suggested by the semi-parametric models
for the corresponding months to choose a
parsimonious model predicting mortality
from meteorology. The results for the sepa-
rate seasonal analyses are presented in
Table 6. The covariates included in the
seasonal models vary significantly between
seasons, suggesting that a separate model
for each season may be more realistic than
one full-year model. The PM,,, coefficients
and standard errors, however, are similar to
the full-year analysis with the season-by-
PM,, interaction terms. There is a signifi-
cant effect in spring and fall, and no signif-
icant effect in the winter and summer.

The reported standard errors are calcu-
lated assuming independent observations.
To check this assumption, we examined the
autocorrelation structure of the standard-
ized residuals for the full-year analysis. We
computed the first seven lagged autocorre-
lations and found no correlations greater
than 0.03. These values are all less than the
approximate critical value of 2/(N)'/* =
0.045. Furthermore, the autocorrelations
were neither persistently positive nor nega-
tive. We conclude that there is no evidence
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of significant serial correlation. Other diag-
nostic plots of the residuals confirm that
the modeling assumptions are reasonable.
To investigate the consistency of the
PM,, effect for different populations, we
modeled daily death counts from several
subgroups within Cook County and for
different measures of PM,, like a 5-day
mean instead of a 3-day mean. Because the
largest estimated PM, effect for elderly
mortality is in the fall, we restricted atten-
tion to this season. These analyses included
total mortality (nonaccidental deaths, all
ages), elderly males and females, elderly
blacks and non-blacks, and total mortality
classified by disease categories, including
circulatory disease, respiratory disease, and
cancer. For each group, we refitted the
semi-parametric model by month to obtain
the list of candidate covariates for the
Poisson regression analysis. Table 7 shows
the results from the final models selected.
To address concern over potential week-
day versus weekend effects in both PM,
and mortality, we refitted the model for
elderly mortality in the fall season, detailed
in Table 6, to subsets of the data determined
by day of week. We first extracted observa-
tions falling on Wednesdays, Thursdays, and
Fridays, because the 3-day PM,; variable for
these days is unaffected by the decline in
PM, , over the weekend. The resulting 3-day
PM,, coefficient is given in Table 7; it is
approximately one-half of the size of the
coefficient when all the data are used. We
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Figure 2. Some of the estimated effects for Cook County from the semi-parametric model. Predictions of elderly mortality holding all other variables constant at
their median levels. (A,B) The day-of-month effect for December and January, highlighting the peak in the number of deaths around January 1; (C,D) the relation-
ship between PM,; and mortality; (E,F) the potentially nonlinear dependence of mortality on meteorology. PM,, particulate matter <10 ym; tlag-1, average tem-
perature from 1 day before; pr, average daily station pressure from hourly observations.
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Table 5. Full-year Poisson regression models: elderly mortality

Linear predictor log(EN? PMI.Q coefficient? (SE)
Cook County
season * [year+poly(day,3)+poly(tlag-1,2)]+g+glag-2+pr+poly(prlag-1,2)+3-day PM,, 0.00054 (0.00020)

season * [year+poly(day,3)+poly(tlag-1,2}+3-day PM,, ]+ g+qglag-2+pr+poly(priag-1,2) Winter -0.00001 (0.00047)
Spring  0.00083 (0.00034)
Summer -0.00028 (0.00036)
Fall 0.00195 (0.00047)

Salt Lake County
Model 1
season * [year+poly(day,3)+pr +poly(qlag-1,2)}+t . +3-day PM,, -0.00025 (0.00043)
Model 2
season * [year+poly(day,3)+poly (glag-1,2)]+t,,.,.+3-day PM,, 0.00008 (0.00041)

PM,, particulate matter <10 ym.
*The left-hand side shows the models fit to predict daily mortality, where brackets indicate the interaction
terms included and poly(variable, n) indicates a polynomial term for the given variable of order n.
Specification of an interaction implies inclusion of all lower-order terms.

he right-hand side shows the estimated effects of the PM,, variable, along with estimated standard
errors.

Table 6. Seasonal Poisson regression models: elderly mortality

Linear predictor log(EV? PMLQ coefficient? (SE)
Cook County
Winter year+day+Jan+Feb+pr+poly(prlag-1,2)+3-day PM,, 0.00024 (0.00046)
Spring year+glag-2+3-day PM, 0.00088 (0.00030)
Summer  year+poly(day,2)+poly(tlag-1,2)+pr+prlag+3-day PM,, -0.00024 (0.00035)
Fall year+qlag-2+3-day PM,, 0.00138 (0.00040)
Salt Lake County
With station pressure
Winter  year+day+Jan+Feb+tlag-1+pr+3-day PM,, 0.00021 (0.00057)
Spring  year+3-day PM,, 0.00032 (0.00091)
Summer year+poly(day,2)+3-day PM,, -0.00027 (0.00124)
Fall year+day+Oct+pr+Nov+3-day PM,, -0.00131 (0.00094)
Without station pressure
Winter  year+day+Jan+Feb+tlag-1+3-day PM,, 0.00056 (0.00054)
Fall year+day+0ct+Nov+3-day PMI.Q -0.00113 (0.00093)

PM,,, particulate matter <10 ym.
ZModeIs for mortality estimated separately within each season are listed on the left-hand side.
Estimated coefficients and standard errors are shown on the right.

Table 7. Summary of regression models, Cook County, fall season

Population? Linear predictor Iog(EY)" PM“l coefficient’ (SE)
Total mortality year+t, ... +qlag-2+poly(prlag-2,3)+3-day PM,, 0.00080 (0.00040)
Males 65+ year+polylglag-2,2)+t, ., +3-day PM,, 0.00159 (0.00069)
Females 65+ year+glag-2+3-day PM, 0.00087 (0.00054)
Blacks 65+ year+poly(glag-2,3)+3-day PM,, 0.00166 (0.00089)
Whites, others 65+ year+glag2+3-day PM,, 0.00134 (0.00045)
Circulatory deaths year+poly(glag-2,2)}+poly(prlag-2,3)+3-day PM,g 0.00064 (0.00052)
Respiratory deaths year(tlag-2+poly(q,,,,.2)]+3-day PM,, 0.00220 (0.00125)
Cancer deaths year+poly(g,,.,..3)+poly(tlag-2,2)+3-day PM,, 0.00162 (0.00071)
Elderly mortality year+poly(glag-2,3)+5-day PM,, 0.00158 (0.00047)
Wed, Thurs, Fri year+glag-2+3-day PM, 0.00075 (0.00061)

PM,, particulate matter <10 pm.

#The population subgroups for each analysis are listed in the left-hand column.

®The final models are indicated in the middle column.

“The corresponding coefficients and standard errors for the PM,, variable are listed in the right-hand
column.

also analyzed each day of the week individu-
ally. Although all of the 3-day PM,, coeffi-
cients were positive, only the coefficient
based on the Sunday data was significantly
different from zero. The average of the seven
daily coefficients is 0.00135, comparable to
the coefficient of 0.00138 obtained in our
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original Poisson regression analysis of elderly
mortality for fall (Table 6). Similar effects
were observed in the spring. We interpret
these results as inconclusive, neither support-
ing nor denying a weekday effect.

Although there appear to be inconsis-
tencies in Table 7 (for example, a signifi-

cant effect of PM,, on males but not on
females), the difference of the two effects
may be insignificant. In our analyses, the
coefficient for cancer deaths is greater than
the coefficient for circulatory deaths. This
ordering is reversed from the numbers
reported for Philadelphia (1) but, again,
the differences in the coefficients may not
be significantly different from zero. The
lack of significance for blacks is due to the
greater standard error resulting from the
smaller size of the black population in
Cook County. The estimated coefficient
for elderly blacks is actually larger than the
estimated coefficient for the whites and
others category. The distinction between
using the 5-day PM,, rather than the 3-
day PM,, is to reduce the size of the effect
somewhat, from 0.00195 to 0.00158, but
it remains significant.

Empirical Evaluation in Salt Lake
County

The analyses for Salt Lake County were car-
ried out in similar fashion to those carried
out in Cook County. The semi-parametric
model was used on transformed (square-
root of) mortality to ameliorate the effect of
non-normality and nonconstant variances in
the presence of small counts. The analyses
proceeded as before from the variables in
Table 4 to the models in Table 6.

The semi-parametric model identified
PM, , as active in June and July. An estimat-
ed e?fect plot for July indicated that the
effect of PM,,, in July was oscillatory (as in
March in Cook County) rather than monot-
one as in June (or as in May and September
in Cook County; see Fig. 3). The Poisson
regression analysis, however, did not support
evidence of a PM effect in the summer. In
fact, for the full-year and seasonal models,
PM,, was never a significant predictor of
elderly mortality in Salt Lake County.

For the full-year analysis, the single esti-
mate of the PM, ) effect is -0.00025 with a
standard error of 0.00043 (Table 5). The
full-year model including the season-by-
PM,, interaction term fails to indicate a
significant PM,  effect in any single season.
Furthermore, unlike Cook County, the chi-
square test for the difference in residual
deviance does not support the inclusion of
a season-by-PM,, interaction term. To
investigate whether a possible PM, effect
is being masked by the presence of station
pressure in this model, we refit the full-year
model without station pressure as one of
the candidate covariates. The selected
model is identical, except for the deletion
of station pressure. In this model (Table 5),
there is also no significant PM,, effect.
Additionally, the interaction term between
season and PM, fails to indicate a signifi-
cant PM,  effect within any single season.

We also fitted separate models for each
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Figure 3. Estimated oscillatory effects from the semi-parametric model. In some months, particulate mat-
ter <10 um (PM, ) appears as an active factor in the semi-parametric model, but the effect appears to be

spurious.

season, as reported in Table 6. Here, we
present results both with and without sta-
tion pressure. Regardless of the inclusion
of station pressure, PM,, never shows up
as a significant predictor of mortality.

Summary

In summary, we analyzed data from Cook
County, Illinois, and Salt Lake County,
Utah, to assess the connections among
mortality, particulates (PM,;), and weath-
er. We found that season plays a strong
role in Cook County. We found inconsis-
tent results: no effect of PM,; was found
in Salt Lake County in any season; no
effect was found in Cook County in winter
and summer; small, positive PM,, effects
were found in Cook County in the spring
and fall, and, more specifically, in the
months of May and September.

One of the reasons for using multiple
regression techniques is to remove the possi-
ble confounding effects of weather and pos-
sibly other pollutants. We demonstrate in
Appendix B that weather conditions and
airborne particulates are indeed associated
in both Cook County and Salt Lake
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County. It is also generally accepted that
weather conditions affect mortality rates.
Under these circumstances, it is difficult to
rule out the possibility that there is some
common third cause of both elevated partic-
ulate levels and mortality. Perhaps more
importantly, it makes it very difficult to
understand the impact of having potentially
large errors-in the explanatory variables.
Outdoor monitors, as well as airport weath-
er data, are crude approximations of indi-
vidual exposure levels. And any effort to
include additional pollutants, like ozone,
which is highly correlated with both partic-
ulates and weather, can also produce con-
fusing results in the multiple regression set-
ting. While we have not addressed all of
these issues in detail, we have attempted to
highlight some of the limitations of regres-
sion analysis in the discussion of our results.

We intentionally selected two counties
with very different characteristics. Although
our results were quite different depending
on the location, we do not know whether
this is due to differences in the populations,
differences in the composition of PM,, dif-
ferences in weather that were not adequately

modeled, or some other variable. To deduce
causal relationships from the type of PM,,
and mortality data available requires these
kinds of considerations, which go beyond
regression analysis. We have provided addi-
tional evidence with which to judge whether
the association between particulate levels
and mortality is consistent across settings.
Odur results do not show as much consisten-
¢y as previously published analyses.

Appendix A. Semi-parametric
Model

On day 7 in year j, with meteorological
condition met and PM,, value pm, where
met is a nine-dimensional vector of the
meteorological variables listed in Table 3
and pm could be any of the PM, ; measures
used in the analyses, let x = (pm,met,i,5).
The vector x = (§;, ..., §;,) is 12-dimen-
sional. The response y(x) (mortality) is
assumed to be a realization of a stochastic
process, 1x):

Y(X) = Bj+ Z(X)+ glj N

where £8; are constants, j = 1,2, ...,6,Z (%) is
a zero mean Gaussian process w1th covan-
ance function cov[Z(x), Z(x’)] = Z
R(x,x ) to be specified later, and €
MO, 0‘ I). For more discussion on the use
of this technique for modeling response
surfaces, see Sacks et al. (10), and the ref-
erences cited therein.

Assume, as in Sacks et al. (10), that the
covariance between Z(x) and Z(x’) is

P j

where x = (§;, ..., §;,), x" = (§,s ... {12,
0,20; k=1,..,11,08,,=0and 1<p,< 2
k=1, .., 12; 0,, corresponds to the year
variable. This class of stationary processes
provides us with a wide range of functions.
Given the data (x;, 3,), (%5 35)» - (X,
y,) for g consecutive years starting from
year 1 (1985) with n; data points in year j
and n + ...+ n =n and, provided 6, G,
and R(, ) are known, the best linear unbx—
ased predictor y(x) at a new point x in year
j can be written as

o He) = e - S0 -

+ r'(x)C_l(y - Fﬁ) s

wherey = (3, ¥ .., 3,)» C= Corr(y) = CH

(52)R+((Sg1 /0'2)Iwhcre —GZZ+G%,
and R= {R(xt,xf) 1i<m1<j< n}, then
X n matrix of correlations among valucs of
Z at the data points, r(x) = (GZ /o? )

[Rx;%),..., Rx, )],
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and B=B....B,) = (F'C'HT F'Cly,
which is the usual generalized least-squares
estimate of f = (Bl,...,Bq)'.

The parameters G, G,, 6, and p are fit
by maximum likelihood. Cross-validation
is used to assess variability of estimates.
Values of p indicate smoothness of the
response surface as a function of the corre-
sponding variables. Larger values of 8 usu-
ally indicate greater importance of the cor-
responding variables if the variables are on
normalized scales. During the covariate
selection procedure, those coefficients (0)
which are zero are the factors not included;
the others are selected.

Appendix B. The Problem of
Confounding
To examine the confounding relationship
between PM,; and the meteorological vari-
ables, a forward-selection ordinary least-
squares regression analysis was performed
with log PM, (the natural logarithm of
today’s PM, () serving as the response vari-
able and the meteorological variables serv-
ing as the covariates. The meteorological
variables in the PM,, analysis were those
included in the mortality analysis. The same
seasonal structure was maintained for the
PM, , analysis as for the mortality analyses.
Cook County. As mentioned earlier,
PM,, levels were highest in the spring and
summer while fall and winter levels were
depressed. The R values from the final
models based on the forward-selection
ordinary least-squares regression analyses
ranged from a low of 20% in the winter to
a high of 50% in the summer. Thus the
relationship was strongest during the sea-
son with the highest PM, ; levels. With the

exception of the 2-day lag temperature
term (dag-2) in the fall, the regression
coefficients for the various temperature
terms were positive. Today’s temperature
(2,an) showed up in all seasons with the
exception of summer, while the square of
today’s temperature showed up in all sea-
sons. All seasons except winter exhibited a
strong rise in PM; with increasing tem-
perature. The coefgcients on the specific
humidity terms were negative. Yesterday’s
specific humidity (qlag-1) was important
in all seasons, while today’s specific humid-
ity (4,ean) Showed up in szpring and fall. A
quadratic term [(glag-2)“] showed up in
the summer. These main-effect results are
consistent in the sense that warmer, drier
conditions contribute to increased levels of
particulate matter. Interaction plots gener-
ally indicated that at low temperatures
PM,, levels increased with increasing spe-
cific humidity, while the reverse was true at
higher temperatures. Station pressure (2-
day lagged variable, prlag-2) showed up
only in the fall and then was positive

Salt Lake County. The amount of vari-
ation in PM, explained by the meteoro-
logical covariates ranged from 41% in fall
to a high of 53% in winter (a time of high
PM,, levels). In contrast to Cook County,
station pressure was a significant variable in
all seasons in addition to temperature and
specific humidity. Station pressure lagged 1
day (prlag-1) was the first variable to enter
the forward selection process in fall and
winter, where it added 25% and 42% to
the R value, respectively. The sign of the
regression coefficient on the pressure terms
was positive for all seasons. This strong
association between pressure and particu-
late levels during fall and winter may have
resulted from the occurrence of capping
inversions which are associated with synop-
tic-scale high pressure systems. Given the
nature of the landscape, these inversions
would tend to trap pollutants near the
earth’s surface. In spring and summer, tem-
perature terms were the first to enter the

forward-selection process. The signs on the
temperature terms varied with the season
and within the season for different terms.
Specific humidity terms entered all seasons
in a negative manner except for winter. In
spring and summer, PM,; levels generally
increased as temperature increased; in win-
ter PM,; levels decreased as temperatures
rose. In fall an initial decrease in PM, ) lev-
els as temperatures rose turned to an
increase in PM,, levels as temperatures
moved above 7°C. In winter, summer, and
fall PM, levels initially increased with ris-
ing humidity levels and then began to drop
as humidity continued to rise. In spring
PM,, levels decreased as humidity
increased. Results on fitting mortality to
weather variables alone, without PM,,
indicated that temperature, humidity and
pressure are all implicated (Tables 5 and 6).
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