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1. INTRODUCHON

Over the last few decades, several epidemiologic studies have reported
associations between daily concentrations of ambient particulate matter and
mortality among the general population. These associations were not only
observed at the extremely high concentrations usually associated with the
"killer fogs" of London or Donora, Pennsylvania, in the 1940s and 1950s but
also at concentrations currently and commonly experienced in metropolitan
areas throughout the United States.

Among these studies, statistically significant relationships have been
found using several alternative measures of particulate matter including total
suspended particulates (TSP) for particles of all sizes], fine particles (particles
less than 25 microns in diameter), British smoke (BS), coefficient of haze
(COH), and sulfates. None has involved measurement of the mass of
particulate matter less than 10 microns in diameter (PM10), the metric used
by the U.S. Environmental Protection Agency (EPA) in the National Ambient
Air Quality Standards. The studies have been conducted in several different
cities and seasons, thereby incorporating a wide range of climates, chemical
compositions of particulate matter, and populations. The epiderniologic.
investigations have used two principal study designs: time-series and
cross-sectional. Time-series analysis examines changes in daily mortality rates
within a specific area as air pollution levels fluctuate. A cross-sectional
analysis compares differences in mortality rates across several cities at a
selected point or period of time. The time-series studies have the distinct
advantage of reducing or eliminating the problems associated with
confounding or omitted variables, a common concern in the cross-sectional
studies. Because the population characteristics are basically�constarlt over the
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study period, the only factors that may vary with daily mortality are
environmental and meteorologic conditions. Thus, researchers are able to
more easily elicit the effects of air pollution and weather on mortality.

The inference of causality from statistical associations has been a
controversial issue long debated. in the literature ad among expert panels
(Hill 1965; EPA 1982). Causal inferences in epidemiology is an informal
process, involving consideration ofseveral guidelines or criteria. Ultimately,
the satisfaction of several criteria has been proposed including: (1) consistency
of the association, 2 specificity of the association, 3 existence of a
dose-response curve, 4 strength of the association, (5) coherence of the
association with other known facts, and 6) biological plausibility of the
association. The expert panels emphasized "that no one criterion is definitive
by itself nor is it necessary that all be fulfilled in order to a determination of
causality" (EPA 1982).

This paper seeks to examine the air pollution-mortality association in
view of these criteria, with particular focus on the consistency of the
association. Replication of results in other environments and populations is
a powerful test before causality can be inferred. The check for consistency
will be accomplished by reviewing and comparing the results of the more
recent empirical studies. Ultimately, the results of these calculations are
presented in terms of the percent increase in mortality associated with changes
in PMIO. After examining the consistency of the associations, some of the
other criteria will be briefly discussed.

Several criteria had to be met for a paper to be included in this review
and analysis. First, a proper study design and methodology were required.
Therefore, there was a focus on time-series regression analyses relating daily
counts of mortality to air pollution in a single city or metropolitan area.
Second, studies that minimized confounding and omitted variables were
included. For example, research that compared two cities or regions and
characterized them as "high" and "low" pollution areas were not included
because of potential confounding by other factors in the respective areas.
Third, concern for the effects of seasonality and weather had to be
demonstrated. This could be accomplished by either stratifying and analyzing
the data by season, by prefiltering to reduce patterns in the data, by examining
the independent effects of temperature and humidity, or by correcting the
model for possible autocorrelation. A fourth criterion for study inclusion was
ensuring that the study included a reasonably complete analysis of the data.
Such analysis included a careful exploration of the primary hypothesis, as well
as examination of the robustness and sensitivity of the results to alternative
functional forms, specifications, and influential data points. When studies
reported the results of these alternative analyses, the quantitative estimates
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that were judged as most representative of the overall findings were those that
were summarized in this paper. Finally, for inclusion in this review, the study
had to provide a measure of particulate matter that could be converted into
a common metric. For example, studies that used weekly or monthly average
concentrations or that involved particulate measurements in poorly
characterized metropolitan areas (e.g., one monitor representing a large
region) were not included in this review.

2. ANALYSIS OF CONSISTENCY

For the calculations, we must convert alternative measures of
particulate matter into PM10. Ideally, this would be accomplished by
comparing co-located monitors at each study site. Unfortunately, for many of
the measures, these data are not available and we are forced to use broad
estimates of the relationships between alternative measures of particulate
matter. The results of our analysis of consistency, however, indicate that the
findings are generally robust to these assumptions. To convert from TSP to
PM10, we relied on the estimate of EPA 1982) suggesting that PM1 is
between 0.5 and 06 of TSP, and use the mean of 0.55. Using the reported
averages from 100 cities in 1980, we assumed that sulfates constitute
approximately 014 of TSP (Ozkaynak and Thurston 1987). Therefore, the
ratio of sulfates to PM10 is 025. The BS measurement is based on the amount
of light reflected through a filter paper stained by ambient air flowing through
the paper. Because monitors for BS do not admit particles less than 45
microns in diameter, they indicate concentrations of fairly small particles, but
they do not measure particle mass like TSP and PM10. However, available
data for co-located BS and TSP monitors in London indicate an average ratio
of BS/TSP of 0.55, the same ratio of PM10 to TSP (Cummings and Waller
1967). Therefore, based on this and additional analysis by the California Air
Resources Board California Air Resources Board 1982), it is assumed that
PM10 is roughly equivalent to BS.

2.1 LONDON

Among the earliest empirical estimates of mortality outcomes
associated with particulate matter is the analysis of data from London for the
winter of 1958-59, where a statistically significant relationship was found
between daily deaths -and daily levels (24-h average) of BS (Martin and
Bradley 1960). London data for 14 winters, 1958-59 through 1971-72, have
been analyzed by Mazumdar et al. 1982), Ostro 1984, 1985) and Schwartz
andMarcus(1986,1990),andreviewedbyEPA(1986). Intheearlierwinters,
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the levels of BS were extremely high; the mean for the first seven winters was
270 IAg/M3 . However, the mean for the last seven winters was 80 Alm�, and
in 3 of te last 4 years the mean concentrations were below 70 Aglm'.
Therefore, the concentrations of BS in London in the last few years are
comparable to those commonly found in the United States.

Although thes e analyses involve several different statistical methods, the
following general conclusions can be drawn: (1) there is a strong relationship
between particulate concentrations and daily mortality in London, which holds
both for the entire data set and for individual years (the later years exhibited
almost an order of magnitude decrease in air pollution concentrations); 2)
there is no indication of a "no-effects level" (i.e., a threshold) at the lower
concentrations of air pollution experienced in London; 3 the association
between air pollution and mortality cannot be explained away by meteorologic
factors or by serial correlation in the data; and 4) regardless of the model
specified, the quantitative implications of the studies are similar. For example,
comparing results of linear models, Ostro 1985) obtains a slope relating BS
to mortality of 0.088 (without controlling for autocorrelation) versus 00898 or
0.0808 from Schwartz and Marcus 1986) (both estimates controlling for
autocorrelation and the first including temperature and humidity as
explanatory variables).

For this review, quantitative estimates of the London data are taken
from Schwartz and Marcus 1990) that involves the most complete
examination of the effects of temperature and humidity, autocorrelation, and
functional form. Their results over the 14 years suggest the following:

Daily mortality = 231 (daily average BS)'-' in London. (1)

The standard error of the estimated regression coefficient is 0160. During
the period of study, there was an average of 280 deaths per day and a mean
concentration of BS of 174 Ag/m' in London. After taking the derivative of
equation and substituting in the mean of daily deaths, the effects of PMJO
can be expressed as:

% change in daily mortality = 0.004125 BS--') (100) (2)
change in BS.

Thus, at the mean level of BS, a 10 gg/M3 increase in PMIO is associated with
a 031% increase in mortality. Using plus or minus one standard error from
the estimate, a confidence interval of 029 to 033% is obtained. The 031%
increase is the same that would be predicted from the linear models described
above.
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2.2 ONTARIO, CANADA

Plagiannakos and Parker 1988) used pooled cross-sectional and
time-series data for nine counties in Southern Ontario, Canada, for the period
of 1976 to 1982. Their model attempted to explain mortality-as a function 
several socioeconomic factors (education, population over age 65, alcohol
consumption); time; meteorology; and air pollution including TSP, sulfates,
and sulfur dioxide. There was no correction for autocorrelation. Because
mean ambient concentrations were not provided by the authors, graphical
displays were used to estimate pollution levels. The mean for TSP appeared
to be approximately 70 /1g/M3' while the mean for sulfate was approximately
12 Aglin'.

A statistically significant association was found between all-cause
mortality and sulfates and sulfur dioxide, but not TSP, based on separate
regressions for each pollutant. Also, an association was reported between
respiratory-related mortality and TSP, sulfur dioxide, and sulfates, each
estimated separately. For all-cause mortality, the model with the highest
association between air pollution and mortality, is represented by the following
quantitative relationship:

log(annual mortality in Ontario) = 0047 log (sulfate). (3)

The standard error of the estimated coefficient is 00235. To estimate the
change in mortality per tLglin' of PM10, we take the total derivative of 3) and
obtain:

Percentage of change in mortality -_ 0047 (change in sulfate/mean sulfate).

Substituting the mean concentration of sulfates and the ratio of sulfate to
PM10 we obtain:

Percentage of change in mortality = 0098 (change in PM10). (4)

This indicates that a change in pM10 of /Ag/M3 corresponds to a
0.98% change in all-cause mortality. Applying plus and minus one standard
error, a 10 ug/in' change in M10 generates an effect ranging from 049 to
1.47%.

2.3 STEUBENVH1_E

A recent time-series study (Schwartz and Dockery 1991) examined the
association between daily mortality and air pollution in Steubenville, Ohio,
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from 1974 to 1984. This study reported a mean TSP of 111 /Ag/m' with a
median of 91. The analysis controlled for the effects of weather and
seasonality. A statistically significant relationship between TSP and mortality
was reported and the estimated coefficient was robust with respect to the
included explanatory variables. The authors also found that when sulfur
dioxide was used in place of TSP as the single measure of outdoor air
pollution, it too was significant. Regarding particulates, the most general
finding is expressed as:

log(mortality = 0000352 (change in TSP). (5)

The standard error of the estimate was 0.00011. In terms of PM10, this
converts to:

Percentage of daily change in mortality = 00640 (change in PM10) 6)

This implies that a 10 /tg/m' change in PMIO corresponds to a 064% increase
in mortality over baseline. The confidence interval, based on plus or minus
one standard error, is 044 to 094%

2.4 HUADELPFHA

A similar time-series study was conducted in Philadelphia (Schwartz
and Dockery 1991) using data from 1973 to 1980. The mean of the TSP
concentrations was 77.2 /Ag/m' with a median of 73. The analysis controlled
for the effects of temperature, temperature extremes, and dew point. A
statistically significant association was reported between TSP and all-cause
mortality. The association was also significant for both the populations under
and over 65 years of age. In addition, mortality due to chronic obstructive
pulmonary disease, pneumonia, and cardiovascular disease were each
separately associated (at p < 0.05) with TSP. When sulfur dioxide was used
in place of TSP as the exposure measure, it was also statistically significant.
The results for the association of all-cause mortality and TSP are represented
as:

log(mortality in Philadelphia) = 0000661 (change in TSP). (7)

The standard error of the estimated coefficient was 0000131.

Converting into PM10, we obtain:

Percentage of daily change in mortality = 0120 (change in PM10). (8)
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This indicates that a 10 4g/m' in PM10 is associated with a 120% increase in
mortality, with a one standard error confidence interval of 096 to 144%.

2.5 SANTA CLARA COUNTY, CALIFORNIA

A recent time-series analysis examined the relationship between COH
and mortality for the metropolitan area surrounding San Jose, California
(Fairley 1990). Daily mortality and suspended particles measured as COH
were compared between 1980 and 1986. A statistically significant association
was found between COH and both all-cause mortality and respiratory-related
mortality, after controlling for temperature and humidity. The models were
also tested for the influence of year, season, day, and weather, with little
change in the overall results.

The general model for all-cause mortality, chosen by the author as most
representative, is indicated the following:

Daily mortality in Santa Clara = 00084 COH. (9)

The standard error of the estimated coefficient was 00029.

To obtain the effect of a 10 /4g/m' change in PM10 on the percent change in
mortality, several adjustments must be made. First, as discussed by the
author, only readings from the central city monitor were used in the study.
This monitor averaged about one-third higher concentrations than the
metropolitan-wide average, a metric typically used in the other studies. The
author also found that the COH to TSP ratio was at least one. Therefore, we
assume that PM10 is approximately 0.50 * COH. Finally, the study
population averaged about 20 deaths per day. Therefore, we adjust the
coefficient by 4/3)(1/0.5)(1/20) to obtain:

Percentage of change in mortality = 0112 (change in PM10). (10)

This implies that a 10 Ag/m' change in PM10 results in a 112% change in
mortality. Applying the standard error, we obtain a range of effect of 073 to
1.51% associated with a 0 tLglm' change in PM10.

2.6 LOS ANGELES COUNTY, CALIFORNIA

A time-series analysis of daily mortality and air pollution between 1970
and 1979 was conducted by Shumway et al. 1988). Again, the influences of
several meteorologic factors, such as temperature and humidity, were
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incorporated into the anal sis. Particulate air pollution was measured as KM,
a measure of light transmittance that is sensitive to smaller particles. After
correcting for autocorrelation a dose-response between daily KM and
all-cause mortality was found. The association is represented as:

Daily mortality in Los Angeles = 0438 KM. ( 1)

The standard error of the estimate is 0034. Unfortunately, the relationship
between KM and PM10 is not well understood and the study did not report
means for the variables of interest. Therefore, interpretation of these results
is more difficult that those reported above. However, graphical presentations
indicate that during the study period, the mean concentration of KM was
approximately 60, and there was an average of 175 deaths per day. Because
the annual mean PM10 for the county during the study period was
approximately 65 Ag/m', we assume for our purposes a KM to PM10 ratio of
0.92. Therefore, after conversion, the results are expressed by 

Percentage of change in mortality = 0231 (change in PM10 . (12)

Therefore, a 10 Ag/m' change in PM,, is associated with a 23% change in
mortality, with an interval of 19 to 27%.

2.7 MORE RECENT DAILY TDAE-SERIES SUDIES

Recently, several additional studies relating daily mortality to
particulate matter have been published. This association has been reported
for Detroit (Schwartz 1991), St. Louis and Easter Tennessee (Dockery et al.
1992), Utah Valley (Pope et al. 1992), Minneapolis (Schwartz 1992), and
Birmingham, Alabama (Schwartz 1993). While there will continue to be some
uncertainty about the precise magnitude of the effect, these studies tend to
support the quantitative estimates of the studies reported above.

2.8 CROSS-SECTIONAL SUDIES

Additional evidence is provided by studies using cross-sectional data
such as Ozkaynak and Thurston 1987), Evans et al. 1984), and Lipfert et al.
(1988). Ozkaynak and Thurston examined roughly 100 metropolitan areas in
the United States using the 1980 vital statistics. This study controlled for
socioeconomic characteristics and conducted additional sensitivity analysis to
determine the impact of certain cities and, alternative model specifications.
The authors found statistically significant relationships between mortality rates
and alternative measures of ambient particulate matter including sulfates and
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fine particulates. Specifically, the study reports that esting sulfate
concentrations (mean of 11.1 ig/m') correspond to a 4 to 9 increase in
mortality. Assuming a ratio of sulfates to PMjO of 025 as above, this suggests
that a 10 /g/m' change in PMIO corresponds to a 0092 to 206% change in
all-cause mortality, with a mean of 149%.

The cross-sectional study conducted by Evans et al. 1984), reanalyzing
data originally used by Lave and Seskin 1977), also reports an association
between mortality rates and TSP or sulfates. Using 1960 data for 117 cities,
the mean concentrations of sulfates and TSP were 10.1 /Ag/m' and 118 /lg/m',
respectively, and the mean mortality rate was 912 deaths per thousand. The
general results of the analysis indicate that:

Annual mortality/100,000 = 263 Annual average sulfate. (13)

The reported standard error of the regression estimate is 140. Converting
from sulfates to PMIO, we obtain:

Percentage of change in mortality = 00721 PMjO. (14)

This generates an estimated change of 072% in response to a 0 jg/m'
change in PM10 with a range, based on one standard error, of 034 to 1.10%.

The final cross-sectional study reviewed is the analysis of 1980 data by
Lipfert et al. 1988). Sulfate measurements from the SAROAD network were
obtained for 197 cities throughout the United States. The mean annual
average concentration of sulfates and TSP was 95 /Ag/m' and 41.2 AImly
respectively, with a mortality rate of 914 per thousand. A comprehensive
analysis of influential data points, outliers, residuals, and robustness was
performed. For the most general results representing the effect of sulfates on
mortality per thousand, the authors report a coefficient of 0041 with a
standard error of 0020. After conversion, this indicates that a 10 ig/m'
change in PM10 would result in a 109% change in mortality with a range,
based on one standard deviation, of 0.55 to 164%.

This review suggests that the recent studies linking particulate matter
to mortality generate remarkable consistent results, as summarized in Table .
The means of the estimated effect of a 10 ig/m' change in PMjO implied by
these studies varies between 031 and 23 1 %. However, the highest and lowest
estimates are derived from the particulate matter measurements with the
greatest uncertainty in translating to equivalent PMIO concentrations (i.e., BS
and KM). If these two estimates are dropped, the range of mean estimates
is from 064 to 149 with a mean of 103%. The lower confidence level varies
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between 034 and 096% with a mean of 063, while the -upper confidence level
varies between 084 and 21% with a mean of 144%.

3. OTHER CRITERIA FOR ENFERENCE

Among the other criteria for inference is the existence of a
dose-response, the specificity and coherence of the association, and the
biological plausibility of the association. Because the estence of a
dose-response relationship is clearly indicated in the previous discussion, we
focus on the remaining criteria. In examining the air pollution-mortality
association, specificity may be expressed by whether PM10 is associated with
disease-specific mortality, such as respiratory or cardiovascular diseases. For
some of the time-series studies, this is difficult to determine because the low
counts of daily disease-specific mortality preclude independent hypothesis
testing. However, several of the studies do test for these associations. The
time series analysis in Ontario, Canada (U.S. EPA 1986) reported statistically
significant associations between respiratory-related mortality and both TSP
and sulfates.

In Philadelphia (Schwartz and Dockery 1991), significant associations
were found between TSP and several different causes of mortality including
COPD, pneumonia, and cardiovascular disease. In addition, that study
reported a greater effect for those above age 65, as expected. Finally, in
Santa Clara County, a statistically significant relationship was found between
COH and both respiratory-mortality (including emphysema, chronic bronchitis,
and pneumonia) and cardiovascular-mortality (including myocardial infarction,
arteriosclerosis, and stroke), and not found between COH and cancer, other
nonaccidental mortality, and accidental mortality (Fairley 1990). These
studies, therefore, provide ample evidence of specificity. It is also important
to note that statistical bias is not introduced by using all-cause mortality as a
dependent variable in the regression analysis. If factors not reasonably related
to the explanatory variable are included in the dependent variable, they are
essentially random errors that will not bias the estimated regression
coefficient.

Coherence can be demonstrated by evidence that PM10, or small
particles in general, are associated with an entire range of health effects. That
association has been reported amply in literature. For example, particulate
matter has been reported to be associated with emergency room visits (Samet
1981; Plagiannakos and Parker 1988), hospital admissions (Pope 1991;
Thurston et al. 1992), respiratory symptoms severe enough to cause
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restrictions in activity (Ostro 1990), acute bronchitis (Dockery et a]. 1989),
and asthma attacks (Whittemore and Kom 1980; Ostro et al. 1991).

Currently, the biological mechanism for the air pollution-mortality
association is unknown. In part, this is a result of the heterogeneous mix of
chemicals that constitute particulate matter, making it difficult to test for a
mechanism in a clinical or experimental setting. However, current evidence
indicates that small particles can penetrate deeply into the lung and result in
bronchoconstriction and an alteration in respiratory mechanics (EPA 1986).
In addition, constituents of particulate matter, such as acid sulfates, may
irritate the upper airway and deep lung, reduce bronchial clearance, and
modify the lung's resistance to infection (Ostro et al. 1991). Pre-existing
respiratory infection may also be an important part of the mechanism.
Various respiratory viruses cause prolonged bronchial hyperresponsiveness via
multiple mechanisms involved epithelial cell damage and inflammation
(Zoratti and Busse 1990; Empey et al. 1986).

In this setting, exposure to pollution represents an additional burden
of inflammation, which may exacerbate the conditions of individuals already
compromised with respiratory infections. For example, Bates 1992) 'has
suggested several mechanisms by which air pollution may increase respiratory
and cardiovascular mortality. Among these mechanisms are: (1) increases in
lung permeability that precipitate pulmonary edema in people with myocardial
damage and increased left atrial pressure, and 2 air pollution-induced
bronchiolitis in the presence of pre-�existing heart disease that may precipitate
congestive heart failure. Additional support for this possibility is obtained
from several recent epiderniologic studies with large enough sample sizes to
examine disease-specific mortality. For example, Schwartz and Dockery
(1991) found that air pollution was associated with elevated risk for mortality
associated with chronic obstructive pulmonary disease, pneumonia, and
cardiovascular disease. Likewise, Pope et al. 1992) found higher associations
between PM,, and respiratory- and cardiovascular-specific mortality relative
to all other causes of death.

Thus, considering all of the evidence, the criteria for causality appear
to bold. In addition, the empirical observations of mortality during air
pollution episodes in London, England and Donora, Pennsylvania provide
confirmation of an association between air pollution and mortality. The
delineation of the precise mechanism awaits further animal studies using
various constituents and mixtures of particulate matter.
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4. CAVEATS AND UNCERTAINTIES

Numerical estimates reported elsewhere in this study suggest that the
impacts of particulate matter on human health are one of the major sources
of externalities in several of the fuel cycles (e.g., ORNL/RFF 1994).
Nevertheless, as is usually the case in scientific inquiry, there is some
uncertainty about the exact extent of the health impacts and about the
biological mechanisms through which they occur. This uncertainty gives rise
to several issues about the methods that this study recommends for estimating
the impacts of particulates on human health. This section summarizes these
issues and the study's position on each of them.

4.1 UNKNOWN BIOLOGICAL MECHANISM

One concern about using exposure-response relationships to estimate
the effects of particulate matter on health is that science has not yet identified
the biological mechanism by which exposure to particulate matter increases
the risk of mortality. Samet and Utell 1993) reviewed recent epidemiologic
studies and concluded that, although they were suggestive, they did not prove
that a causal association exists between particles and mortality. Specifically,
they state that:

"These toxicological considerations suggest that the associations of
adverse health effects with current levels of particulate matter should
not yet be accepted as causal (p. 1335)."

Part of the difficulty in determining the potential biologic mechanisms,
typically deduced from toxicologic or human clinical studies, results from the
uncertainty about the responsible constituent of particulate matter.
Researchers are faced with several candidate pollutants including PM10 mass,
fine particulates, sulfates, acidic aerosols, and various elements typically found
in particulate matter. Fairley 1990) and other researchers indicate that the
precise constituent of total particles that are the real cause of the health
effects are unknown and that there is a danger of imposing blanket regulations
on total particulates when only specific ones are of actual concern. Regardless
of the specific constituent, however, the agent of concern is likely to be
strongly correlated with TSP or PM10, the measures typically used in the
epidemiologic studies. Otherwise, these pollutant measures would not in
themselves be statistically associated with mortality and morbidity so
consistently.
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However, it is of continued interest to determine the specific
constituent of particulate matter that may be responsible for these and other
health effects. Different types of particulates have different chemical and
physical properties -- implying that they have different impacts on human
health, and thus different externality values. However, the evidence from the
current literature is mixed on this issue:

• On the one hand, Schwartz and Marcus 1990) report an effect from
particulate matter and a lesser effect from a higher covarying
concentration of sulfur dioxide. Also, Dockery et a]. 1992) find that
PM10, but not sulfates and acid aerosols (two of the smaller types of
particles), are associated with premature mortality. Likewise,
Frampton et a]. 992) found no statistically significant adverse impacts
to twelve healthy non-smokers exposed to very high levels of sulfuric
acid aerosols. Lipfert 1993) generally confirms Dockery et al.'s results,
finding that with a smoking variable included in the models, the broad
measure of particulates was highly correlated, but that sulfates were
not.

• On the other hand, Plagiannakos and Parker 1988) report effects from
sulfates and sulfur dioxide, but not from TSP. This result supports that
of Hatzakis et al. 1986), who found a mortality effect from moderate
levels of sulfur dioxide, but no effects from particulate matter,
measured as British Smoke. Ozkaynak and Thurston 1987) found
sulfate to be the most important air pollutant. Another report
indicates that the acidic aerosols may be of greater consequence than
particulate matter (Thurston et al. 1989).

Taken together, past studies are inconclusive about the specific types
of particulates that may result in elevated mortality. While studies (refer to
Sect. 42) have identified associations between particulates and mortality, some
would argue that these associations be regarded as "high" estimates in that the
precise biological mechanism is unknown and no studies suggest that the
associations should be higher than those used in our study.

However, as suggested by Ito et al. 1993), the inability to assign the
Ileffect" to a single pollutant is a function of, among other things, the mis-
measurement of the pollutants. This mis-measurement arises from both the
analytical errors in the monitoring technique employed and the errors in the
spatial representativeness of the samples in relation to the population
distribution. Thus, for example, studies using both H' and other measures of
pollution may find H' to be less significant simply because the analytical
measurement errors are likely to be higher. This may partly explain the
results of Dockery et al. 1992) where an association was observed between
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mortality and PM10, but not with sulfates or H' in St. Louis, or that of
Hatzakis 1986) which found an effect of sulfur dioxide but not particles,
measured as British Smoke. Hatzakis' 1986) finding is contrary to most
studies such as the studies of the London winters, where British Smoke was
strongly associated with mortality. This suggests that the correlation between
British Smoke and PM,,) varies greatly and depends on climate and
atmospheric chemistry at the particular site. Any random errors in measuring
the exposure typically will reduce the size of the estimated effect. Therefore,
it is quite possible that the magnitude of the effect of particles on mortality
is consistently underestimated.

It is important to note that, using the daily time-series studies of
mortality, PM10 or TSP is consistently associated with mortality across a wide
range of climates, seasons, covariates, and populations. The association
appears to hold both in areas where particles peak in the summer and in
those where it peaks in the winter; where there is high or low humidity; in
areas of high and low acidity; and in areas where there are temperature
extremes and where the temperature is fairly moderate. Regarding the time-
series studies that reported associations between mortality and particulate
matter, Pope et al. 1992) state, "Steubenville, Philadelphia, St. Louis and
Kingston are in the eastern United States where there is a humid, continental
climate. Santa Clara has a warm, dry climate and Utah County has a semi-
and climate and cold winters. Moreover, in contrast to the eastern locations
where particulate matter concentrations are highest in the summer -- when the
weather is warm and humid - highest particulate pollution concentrations in
Utah County occur during cold winter weather. The substantial differences
in te coincident weather patterns that accompanied particulate exposure in
these different locations, coupled with the similarity in observed associations
between particulate pollution and mortality, make it unlikely that confounding
weather effects are the sources of the apparent pollution effects." Overall, the
evidence is fairy compelling that increases in particles which contribute to
PM10 mass are associated with increased risk of mortality. The above findings
are both internally consistent across many time-series and cross-sectional
mortality studies and consistent with. several different morbidity endpoints as
indicated above. This suggests that the findings are not spurious.

For our quantitative estimates, we are forced to assume that the
existing pollution mix (composition and particle size) that was observed in the
original study will remain relatively constant. Changes in these factors also
will have an impact on the estimated effect. The fact that the same general
magnitude of effect was observed in many different locations, with varying
compositions, suggests that the assumption about composition does not
seriously bias our estimates, and that PM10 is, at a minimum, a good surrogate
measure.
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Finally, we have indicated above that most of the criteria for causality
established by Hill 1965) have been met. In his discussion, Hill indicates that
it was not necessary to meet all of the criteria to reasonably infer a causal
relationship. While it is important to understand the actual mechanism
responsible for mortality and morbidity, the lack of a mechanism is not
sufficient grounds for ignoring the considerable body of evidence and for
assuming a zero risk.

4.2 EXPOSURE-RESPONSE THRESHOILDS

A clear threshold for effects has not been identified from currently
available times-series data on air pollution and mortality. However, the cross-
sectional data are more suggestive of a potential no-effects level.
Unfortunately, it is not clear whether this inconsistency is a result of
differences in study design and data, or because a real threshold ests.
Current research is unclear about whether a threshold level of particulates
must be reached before there are effects on human health. Given the current
uncertainties, and the limited evidence available from the cross-sectional
studies, we assume that a threshold exists for both mortality and morbidity at
30 1glm'.

A decision not to use thresholds implicitly assumes that esting,
background concentrations of particulate matter exceed any possible threshold
that may exist, and that the incremental increase in concentration from the
electric power plant results in increased likelihood of morbidity and mortality.
A major reason for the concern about the issue is that if we assume that there
is no threshold and if one actually exists, then the numerical estimates in our
study would overestimate the externalities associated with particulate matter.

Most studies have not used statistical tests to determine whether the
exposure-response relationships hold at lower levels of exposure. Specifically,
these studies do not assess whether the strength of the association at very high
levels of concentration might statistically overwhelm a weak connection at low
levels.

An exception, however, is Ostro 1984) which specifically examined the
lower concentrations in the data on London winters. Also, more recent
studies have used two different approaches to deduce the lack of a threshold.
They include: (1) dividing the pollution data into quartiles or quintiles and
plotting the dose-response relationship and 2 using locally-weighed
smoothing techniques to provide an assumption-free indication of the shape
of the dose-response curve. Most studies applying these approaches to the
time-series data from one city appear to indicate effects down to very low
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ambient concentrations. These studies may suggest either the lack of a
threshold or effects down to levels of around 30 to 45 Aglin'. Specifically, we
note that:

(a) Results from the Schwartz and Marcus 1990) study generally support
the likelihood of effects at low ambient concentrations with the
possibility of no threshold. Schwartz and Marcus 1990) show that the
slope, indicating the relationship between air pollution and mortality,
was fairly consistent across all of the 14 years of data. The London
data are highly seasonal, notably peaking in winter. Since the winter
averages are about 70 ig/m' and below, the annual averages are much
less than 70 tLg/M3 . Thus, the statistical findings are consistently
significant at these lower levels of concentration. Many metropolitan
areas in the U.S. have similar levels, so that the exposure-response
relationship is expected to hold in the U.S. as well.

(b) Likewise, Ostro 1984) examined the possibility of thresholds at
continually lower levels of concentration during winters in London.
The results indicate that even in-the final few winters, when mean
British Smoke levels were 70 /Ag/M3 and below, a relationship between
low levels of particles and mortality appears to exist.

(c) Time series analyses are generally regarded as being more reliable than
cross-sectional studies. As discussed later in this section, one of the
advantages of the time-series approach is that a given set of individuals
are examined over a period of time during which many factors
(location, activity, occupational and indoor residential exposures, diet
and exercise, etc.) are relatively constant. In contrast, cross-sectional
studies [such as those by Ozkaynak and Thurston 1987) and by Evans
et al. 1984)] use data collected during a single year from many cities.
Locations, activities, occupations, diets, etc. vary across cities, thus
making it difficult to control for the effects of these potentially
confounding factors in the statistical analyses. For this reason, we have
relied more heavily on the time-series studies for our estimates since
the air pollution-mortality association is less likely to be confounded by
other variables, and omitted variable bias is also less likely.

Many of the recent time-series studies divide the data into quartiles (or
quintiles) and produce statistical and graphical relationships between
increasing levels of particulate matter and the associated risks of
mortality. For the studies that involve daily time-series data, the results
generally indicate that mortality risks rise monotonically with particles.
Data in the references cited below indicate continuous dose-response
relationships in several locations including: (1) Utah Valley [Figure 
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of Pope et a]. 1992)] with a mean PMj0 of 47 Aglm'; 2) Steubenville,
Ohio [Figure 2 of Schwartz and Dockery 1991)] with a mean TSP of
111 AgIm' (PM10 of 61 g/m) 3 Detroit [Figure of Schwartz
(1991)] with a mean TSP of 87 lAglm' (PM,, of 48 /Ag/m); and 4)
Birmingham, Alabama [Figure 6 of Schwartz 1993)] with a mean PM10
of 48 jug/m'.

(d) Additional information is provided by the results of the individual-level
analysis of the data from the Harvard "six cities" cohort (Dockery et al.
1992). In this analysis, with mortality corrected for individual risk
factors such as smoking status, occupational exposure and gender, a
monotonic (and statistically significant) association was observed
between mortality and both fine particulates and sulfates.

Some evidence is available, however, primarily from the cross-sectional
studies, indicating the possibility of a threshold level. Specifically:

(a) Ozkaynak and Thurston 1987) analyzed the relationships between
particulate matter and mortality among 100 cities in the U.S.
Generally, an association was found between mortality and both
sulfates and fine particulates. However, sensitivity analyses indicated
that when several metropolitan areas with relatively high sulfates were
removed from the regressions, the estimated coefficient for sulfates
dropped significantly. This finding implies that the association between
sulfates and mortality is influenced by the States with the highest
pollution levels, and that it may be difficult to demonstrate a
relationship at lower levels.

(b) In another cross-sectional study, Evans et al. 1984) did not find a
significant association between sulfate concentration and elevated
mortality rate. They found even less significance with total suspended
particulates (TSP). Lipfert 1988) contains evidence that geographic
areas with lower pollution levels do not have significant associations
between pollution levels and mortality.

(c) In the analysis of Santa Clara County, Fairley 1990) does not appear
to find effects in the years when mean COH levels were relatively
lower. However, this finding is not certain since the analysis was
conducted only for the winter months and the COH mean levels were
reported for the year as a whole. In an analysis of the four winters
considered separately, the association between pollution levels and
daily mortality was significant in only two of the years. The PMj0
equivalent anual average in this area is very close to the Federal
standard of 50 /Ag/m'.
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(d) While Schwartz and Marcus 1990) generally found a significant
relationship between daily particulate pollution and mortality, the
statistical significance of their results declined as pollution levels
decreased over the 1958 to 1971 time period. In fact, in one of the
more recent years, the statistical relationship was not significant.

(e) The most complete threshold analysis performed on cross-sectional
data is that of Lipfert 1993). In one analysis, the regression coefficient
linking TSP with mortality is observed in data that are successively
truncated to include lower levels of TSP. The regression coefficient
appears consistent until the average of the maximum (not mean) TSP
of the remaining cities falls to below 80 Ag/m'; the associated mean
annual TSP level is not reported. The quintile analysis suggests a
monotonic dose-response relationship between TSP and COPD-related
mortality but the two lowest points (with TSP levels of approximately
52 and 57 liglm' or roughly 30 /ig/m' PM10) are not statistically
different from each other. The latter result does suggest that a
threshold may exist at low levels of concentration of about 30 /Ig/M3

PM10. Further evidence in support of this suggestion is the non-
monotonic association displayed in the data from St. Louis and eastern
Tennessee (Figure of Dockery et a]. 1992), where mean PM10 levels
were approximately 30 ig/m'.

Therefore, based on the daily studies in low pollution areas and the
results of several cross-sectional studies, the association becomes more
uncertain at the lowest observed levels, roughly between 30 and 45 Yg/M3

PM10. While we are not certain that no effects occur below this level, it does
appear that effects are more difficult to detect at these lower levels.
However, attributing ortality effects to the incremental contributions to
ambient particulate matter resulting from combustion of certain fuels, also
appears to be a reasonable extrapolation of the data even at fairly low
ambient levels. Thus, to ecompass both possibilities, sensitivity analyses can
be carried out, with a threshold of about 30 /Ag/m' PM,,, and without any
threshold.

4.3 POSSEBLE MODEL MISSPECIFICATION FROM AIILURE TO
ACCOUNT FOR ICBY AC17ORS

Another question about the accuracy of the exposure-response
functions that this study uses, stems from the possibility of model
misspecification in studies that omit key confounding variables. The reason
for this concern is that if some of the mortality is more accurately attributed
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to various other factors, then the mortality (and thus the externalities)
attributed to particulates will decline.

As discussed above, the likelihood of confounding is much greater in
the cross-sectional studies. In the time-series studies relating daily changes in
air pollution to the daily incidence of a health effect, the likelihood of
confounding from other factors is minimized. For example, if a study is
conducted over a three month period, and daily emergency room visits or
mortality was associated with PM10, then it is extremely unlikely that smoking
habits, occupational exposure, diet, exercise and activity atterns, indoor
exposure, etc. would change on a daily basis and be correlated with daily
particulate matter enough to drive the observed association.

In the time-series studies, temperature is most often cited as a potential
confounder. However, in most of the studies utilized for our estimates, the
models specifically incorporated the independent effects of temperature and
season. For example, the studies of Steubenville (Schwartz 1992b) and Utah
(Pope 1992) all find an independent effect of weather, with no confounding
of the air pollution-mortality association. For example, in the Philadelphia
study, it is stated "In the initial analysis of weather factors, hot days (mean >
80 degrees), previous day's mean temperature, mean dew point, and winter
temperature were significant predictors of daily mortality." I-ater they report
that, "The association [of mortality] with TSP was not strongly confounded by
variables for season and weather."

Among the cross-sectional studies, factors that have been ypothesized
to be most likely confounders include smoking, poverty, temperature and
indoor air pollution. For example, Ozkaynak and Thurston 1987) consider
the effect of poverty on mortality rates but do not include smoking in their
model, although Dockery et al. 1993) showed that the inclusion of smoking
did not alter the mortality-air pollution association. This is not surprising since
there is no evidence that smoking and air pollution are correlated. Although
the recent study by Dockery et al. 1993) includes smoking, it omits indicators
of socioeconomic status. If in the cross-sectional studies, air pollution and
poverty rates are highly correlated, then models that do not include an
indicator for socioeconomic status may be misspecified. If the poverty rates
vary greater across the cities, then the functional forms and estimated
coefficients in the regression equations may be incorrect. The implication is
that the externalities attributed to particulates may be over-estimated. To the
extent that smoking and lower socioeconomic status are correlated, however,
the smoking variable may be incorporating some of the effects of
socioeconomic status, as well.
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Fairley 1990) raises the issue of indoor air pollution as a confounding
factor. He notes that days with high particles may be associated with cold
days where people are more likely to stay indoors. He suggests that staying
indoors might be the real cause of higher mortality. However, the coldest
days are not necessarily the highest particulate matter days. In addition, the
daily time-series studies include data from cities in which, in some cases, it
peaks in the winter. Therefore, it is unlikely that people are inside on all of
the high particulate matter days.

The underlying observation is a simple but powerful one: despite
problems in measuring exposure and in controlling for all potential
confounders, when the outdoor fixed site monitor measures a higher
concentration of particulate matter, higher levels of mortality are consistently
observed.

4.4 ACCOUNTING FOR COWETING RISKS

The Schwartz and Dockery 1991) study of Philadelphia notes that
those suffering from chronic obstructive pulmonary disease (COPD, i.e.,
mainly adult bronchitis and emphysema) and major cardiovascular disease
(MCV) are two of the three disease categories most likely to be impacted by
high particulate levels. According to the Surgeon General, about 90 of
COPD and 30% of MCV cases are caused by smoking. One criticism that has
been presented against applying the air pollution-mortality exposure-response
functions in our study suggests that the number of COPD cases would be
reduced if people stopped smoking, and thus that the number of people at
risk to the effects of particulates would be reduced by the same amount. In
that case, the exposure-response function would be reduced because the
number of susceptible people would be smaller. The same reasoning would
apply to MCV. The implication of this argument is that the externalities
associated with particulates from fuel cycle activities are overestimated.

This reasoning is inconsistent with a fundamental premise of our study -
- to estimate the impacts of an incremental addition of a resource (such as a
coal-fired power plant). It is therefore appropriate to estimate the arginal
impacts on environment and health that result from that incremental addition.
Sections 13 and 43.6 of the Coal Report (ORNL/RFF 1994) provide further
discussion. Invoking marginality means that, by definition, we hold everything
else constant -- we take the world as given, smokers and all, and estimate the
additional, marginal effect on health and environment of an incremental
increase in a resource (i.e., constructing and operating a power plant and its
associated fuel cycle).
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To estimate these marginal effects, we use exposure-response functions
whose coefficients are estimated statistically, controlling for variation in the
values of the other variables in the equation. Furthermore, epidemiologic
studies that include a smoking variable can account for both the separate and
combined effects of smoking and particulate matter on health. For example,
research by Dockery et al. 1993) suggests that former smokers are still at
increased risk of mortality related to air pollution, relative to those who have
never smoked.

5. SUA04ARY

An association between air pollution, measured as particulate matter,
and mortality, has been reported in several different cities. These studies have
been conducted over a wide range of climates and populations. The
time-series studies, which examine the joint occurrence of daily fluctuations in
air pollution and mortality, provide the
strongest evidence of a true association. ......... ........... ... . .... ... . ... ... . . .. .. ..... ..... ... . ... . .. ... ...... . .... .............After converting the different studies ... ............... ........ ..................... . . . .... . .. .. ... .. .......... ... . . ........... ...into common units, a striking means

::N : : -:V ............. ��::::7::
............... ..... .. ...................... . ..... . . .. .. ..... .

consistency in the results was observed. . ..... ............... .. .. ..... . ........ ... ..... ... .. ..... .. . ... ... ...... .... ... ....... .. . ........ .. ......... . ...... .. ...... .. ......... ....... ...... ...The mean effect of a 10 pg/m' change .. ...... .................e . ........ .... .... ................ ::::�: ....................... .. ...................... ... .. ..in PM10 implied by these studies varies ........ . .. . eem .d.. ............between a 0.64 to 1.49% change in .. ........ ...
'chd M.mortality. The fulfillment of other '9 .................... .............. ........ .... . . .......................... . ... ... . ..... ...... .............. .............. . .. .... ... .. .................... .. .. .... .... ............ ........ . ... ... ..... .. ..... ... ........... .. . ...... ... ..... .. ......... ................................... ......................... ....... ............ ... .. ........................................................................................criteria, including specificity, presence of . ... ............. ..... .. .. .. ....... . ..... .. ... . . ... .......... .. . ..

a dose-response relationship, and
coherence of results ends strong support to the existence of an actual
association between particulate matter and mortality.

However, several criteria, including the consistency of the results, need
to be explored before causality is
inferred from these studies. This

.. . .............. ..... ... ... ...association also appears to hold at low ..... .. ................... . .... ........
concentrations of particulate matter, ... ................ .. .... .. .............. .................... .............................................
possibly with a threshold on effects at & . 49 ................. . . .....................about 30 gg/m' PM 10. Currently the . . ......... ...... .............................. . ....... ....... ........................... .. ........ .......... ............... ....................... .................................biologic mechanism is not well . ............ ...... ... ........................ .

WM ... Mpunderstood. In addition, the precise ... . ............ .. 6
......... ... ... ............. .... .. ... .. .................. ........................ ..... ...............TSP, PMIO, fine .. Wl�: :� ec:1 �: h " :on::form of the pollutant . I. ..............................................

:a::.. abou... .. ............................. .... ... ....particles, sulfates, acidic aerosols, sulfur ::� .. ............. . .... ..... .. . ................ .... .... ......... ......... ... ......... ................................................ ... . .... ..... ....... ........ .................................................. ...... ..........................dioxide, or some as yet unmeasured
pollutant - is unknown based on current
available evidence.
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