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Lung Cancer, Cardiopulmonary Mortality,
and Long-term Exposure
to Fine Particulate Air Pollution
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(1) doubles the follow-up time to more
than 16 years and triples the number
of deaths; (2) substantially expands ex-
posure data, including gaseous copol-
lutant data and new PM, 5 data, which
have been collected since the promul-
gation of the new air quality stan-
dards; (3) improves control of occupa-
tional exposures; (4) incorporates
dietary variables that account for total
fat consumption, and consumption of
vegetables, citrus, and high-fiber grains;
and (5) uses recent advances in statis-
tical modeling, including the incorpo-
ration of random effects and nonpara-
metric spatial smoothing components
in the Cox proportional hazards model.

METHODS
Study Population
The analysis is based on data collected
by the American Cancer Society (ACS)
as part of the Cancer Prevention Study
it (CPS-11), an ongoing prospective
mortality study of approximately 1.2
million adults.'®" Individual partici-
pants were enrolled by ACS volun-
teers in the fall of 1982. Participants re-
sided in all 50 states, the District of
Columbia, and Puerto Rico, and were
generally friends, neighbors, or ac-
quaintances of ACS volunteers. Enroll-
ment was restricted to persons who
were aged 30 years or older and who
were members of households with at
least 1 individual aged 45 years or older.
Participants completed a confidential
questionnaire, which included ques-
tions about age, sex, weight, height,
smoking history, alcohol use, occupa-
tional exposures, diet, education, mari-
tal status, and other characteristics.
Vital status of study participants was
ascertained by ACS volunteers in Sep-
tember of the following years: 1984,
1986, and 1988, Reported deaths were
verified with death certificates. Subse-
quently, through December 31, 1998,
vital status was ascertained through au-
tomated linkage of the CPS-1I study
population with the National Death In-
dex." Ascertainment of deaths was
more than 98% complete for the pe-
riod of 1982-1988 and 93% complete
after 1088."° Death certificates or codes
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for cause of death were obtained for
more than 98% of all known deaths.
Cause of death was coded according to
the International Classification of Dis-
eases, Ninth Revision (ICD-9). Al-
though the CPS-11 cohort included ap-
proximately 1.2 million participants
with adequate questionnaire and cause-
of-death data, our analysis was re-
stricted to those participants who re-
sided in US metropolitan areas with
available pollution data. The actual size
of the analytic cohort varied depend-
ing on the number of metropolitan ar-
eas for which pollution data were avail-
able. TABLE 1 provides the number of
metropolitan areas and participants
available for each source of pollution
data.

Air Pollution Exposure Estimates

Each participant was assigned a met-
ropolitan area of residence based on ad-
dress at time of enrollment and 3-digit
ZIP code area.” Mean (SD) concentra-
tions of air pollution for the metropoli-
tan areas were compiled from various
primary data sources (Table 1). Many
of the particulate pollution indices, in-
cluding PM, 5, were available from data
from the Inhalable Particle Monitor-
ing Network for 1979-1983 and data
from the National Aerometric Data-
base for 1980-1981, periods just prior
to or at the beginning of the follow-up
period. An additional data source was
the Environmental Protection Agency
Aerometric Information Retrieval Sys-
tem (AIRS). The mean concentration
of each pollutant from all available
monitoring sites was calculated for each
metropolitan area during the 1 to 2
years prior to enrollment.!’
Additional information on ambient
pollution during the follow-up period
was extracted from the AIRS database
as quarterly mean values for each rou-
tinely monitored pollutant for 1982
through 1998. All quarterly averages
met summary criteria imposed by the
Environmental Protection Agency and
were based on observations made onat
least 50% of the scheduled sampling
days at each site. The quarterly mean
values for all stations in each metro-

politan area were calculated across the
study years using daily average values
for each pollutant except ozone. For
ozone, daily 1-hour maximums were
used and were calculated for the full
year and for the third quarter only (ie,
July, August, September). While gas-
eous pollutants generally had re-
corded data throughout the entire fol-
low-up period of interest, the particulate
matter monitoring protocol changed in
the late 1980s from total suspended par-
ticles to particles measuring less than
10 pm in diameter (PM,,), resulting in
the majority of total suspended par-
ticle data being available in the early to
mid-1980s and PM,, data being mostly
available in the early to mid-1990s.

As a consequence of the new PM; 5
standard, a large number of sites be-
gan collecting PM, s data in 1999. Daily
PM, s data were extracted from the AIRS
database for 1999 and the first 3 quar-
ters of 2000. For each site, quarterly av-
erages for each of the 2 years were com-
puted. The 4 quarters were averaged
when at least 1 of the 2 corresponding
quarters for each year had at least 50%
of the sixth-day samples and at least 45
total sampling days available. Measure-
ments were averaged first by site and
then by metropolitan area. Although no
network of PM, s monitoring existed in
the United States between the early
1980s and the late 1990s, the inte-
grated average of PM,; concentra-
tions during the period was estimated
by averaging the PM, ; concentration for
early and later periods.

Mean sulfate concentrations for 1980-
1981 were available for many cities
based on data from the Inhalable Par-
ticle Monitoring Network and the
National Aerometric Database. Recog-
nizing that sulfate was artifactually
overestimated due to glass fiber filters
used at that time, season and region-
specific adjustments were made."” Since
few states analyzed particulate samples
for sulfates after the early 1980s, indi-
vidual states were directly contacted for
data regarding filter use. lon chroma-
tography was used to analyze PM, fil-
ters and this data could be obtained
from metropolitan areas across the
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United States. Filters were collected for
a single reference year (1990) in the
middle of the 1982-1998 study pe-
riod. The use of quartz filters virtually
eliminated the historical overestima-
rion of sulfate. Mean sulfate concen-
trations for 1990 were estimated us-
ing sulfate from AIRS, data reported
directly from individual states, and
analysis of archived filters.

Statistical Analysis

The basic statistical approach used in this
analysis is an extension of the standard
Cox proportional hazards survival

E TO AIR POLLUTION

model 2! which has been used for risk
estimates of pollution-related mortal-
ity in previous longitudinal cohort stud-
ies.1316 The standard Cox model implic-
itly assumes that observations are
statistically independent after control-
ling for available risk factors, resulting
in 2 concerns with regard to risk esti-
mates of pollution-related mortality.”
First, if the assumption of statistical in-
dependence is not valid, the uncer-
tainty in the risk estimates of pollution-
related mortality may be misstated.
Second, even after controlling for avail-
able risk factors, survival times of par-

Table 1. Summary of Alternative Pollution Indices*

ticipants living in communities closer to-
gether may be more similar than
participants living in communities far-
ther apart, which results in spatial au-
tocorrelation. If this spatial autocorre-
lation is due to missing or systematically
mismeasured risk factors that are spa-
tially correlated with air poltution, then
the risk estimates of pollution-related
mortality may be biased due to inad-
equate control of these factors. There-
fore, in this analysis, the Cox propor-
tional hazards model was extended by
incorporating a spatial random-effects
component, which provided accurate es-

Poliutant Data No. of No. of
{Years of Data Compillation Metropolitan Participants,
Collection) Units Source of Data Teamt Areas in Thousands Mean (SD)
PMas pg/m?
1979-1883 IPMN HE! 61 369 21.1 (4.8
1988-2000 AIRS NYU 116 500 14,0 (3.0)
Average 51 319 17.7 (3.7)
Phio pg/m®
1982-1888 AIRS NYU 102 415 28.8(5.9)
P ug/m®
1978-1983 IPMN HE! 63 359 403 (7.7)
PMis.zs pg/m®
1978-1983 IPMN HE! 63 359 19.2 (8.1)
Total suspended particles ug/m®
1980-1981 NAD HE! 156 580 68.0 (16.7)
1979-1983 IPMN HE! 58 351 73.7 (14.9)
1982-1998 AIRS NYU 150 573 56.7 (18.1)
Sulfate wg/m®
1980-1981 IPMN and NAD, HE! 149 572 8.5 (2.8)
artifact adjusted
1680 Compiiation and analysis NYU 53 269 8.2 (2.0)
of PM,, filters
Sulfur dioxide ppb AIRS
1080 HE 118 520 9.7 (4.9)
1982-1988 NYU 126 539 6.7 (3.0)
Nitrogen dioxide ppb AIRS
1980 HE! 78 409 27.9(8.2)
19682-1998 NYU 101 493 214 (7.1)
Carbon monoxids ppm AIRS
1980 HEI 113 519 1.70.7)
1082-1998 NYU 122 536 1.1{0.4)
Ozone ppb AIRS
1980 HEI 134 569 47.9(11.0)
1982-1988 NYU 119 525 455 (7.3)
1082-1898% NYU 134 567 50,7 (12.8)

*PW, ¢ indlicates particles measuring less than 2.5 um in diameter; PMyo, particles measuring less than 10 pm in diameter; PM,S, particles measuring lass than 15 um in diameter;

Ph-sasy pﬁﬂidaa

between 2.5 and 15 um in diameter; ug/m?, micrograms per cubic meter; ppb, parts per bil

lion; ppm, parts per milfion; IPMN, Inhalable Particle

Monitoring Network; AIRS, ‘Aeromatric Information Retrieval System [Environmental Protection Agenicy}; and NAD, National Aerometric Database,

+HE! indicates data were complied by

Senool of Madicine, Nelson institute of Enwironmental Medicine (K.1. and anT).
Dally 1-hour maximums were used. Values were calculated only for the third quarter (i, July, August, September).

the Health Effacts Institute reanalysis team. which was previously published.”” NYU indicates data were compiled at the New York University
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timates of the uncertainty of effect esti-
mates. The model also evaluated spa-
tial autocorrelation and incorporated a
nonparametric spatial smooth compo-
nent (to account for unexplained spa-
tial structure). A more detailed descrip-
tion,of this modeling approach is
provided elsewhere.®

The baseline analysis in this study es-
timated adjusted relative risk (RR) ra-
tios for mortality by using a Cox pro-
portional hazards model with inclusion
of a metropolitan-based random-
effects component. Model fitting in-
volved a 2-stage process. In the first
stage, survival data were modeled us-
ing the standard Cox proportional haz-
ards model, including individual level
covariates and indicator variables for
each metropolitan area (without pol-
lution variables). OQutput from stage 1
provided estimates of the metropolitan-
specific logarithm of the RRs of mor-
tality (relative to an arbitrary refer-
ence community), which were adjusted
for individual risk factors. The corre-
lation between these values, which was
induced by using the same reference
community, was then removed.” In the
second stage, the estimates of ad-
justed metropolitan-specific health re-
sponses were related to fine particu-
late air pollution using a linear random-
effects regression model.** The time
variable used in the models was sur-
vival time from the date of enroll-
ment. Survival times of participants who
did not die were censored at the end of
the study period. To control for age, sex,
and race, all of the models were strati-
fied by 1-year age categories, sex, and
race (white vs other), which allowed
each category to have its own baseline
hazard. Models were estimated for all-
cause mortality and for 3 separate mor-
tality categories: cardiopulmonary
(ICD-9 401-440 and 460-519), lung
cancer (ICD-9 162), and all others.

Models were estimated separately for
each of the 3 fine particle variables,
PM,s (1979-1983), PM; 5 (1999-
2000), and PM, s (average). Indi-
vidual level covariates were included in
the models to adjust for various impor-
tant individual risk factors. All of these

MORTALITY AND LONG-TERM EXPOSURE TO AIR POLLUTION

variables were classified as either indi-
cator (ie, yes/no, binary, dummy) vari-
ables or continuous variables. Vari-
ables used to control for tobacco smoke,
for example, included both indicator
and continuous variables. The smok-
ing indicator variables included: cur-
rent cigarette smoker, former ciga-
rette smoker, and a pipe or cigar smoker
only (all vs never smoking) along with
indicator variables for starting smok-
ing before or after age 18 years. The
continuous smoking variables in-
cluded: current smoker’s years of smok-
ing, current smoker’s years of smok-
ing squared, current smoker's cigarettes
per day, current smoker’s cigarettes per
day squared, former smoker’s years of
smoking, former smoker's years of
smoking squared, former smoker's ciga-
rettes per day, former smoker’s ciga-
rettes per day squared, and the num-
ber of hours per day exposed to passive
cigarette smoke.

To control for education, 2 indica-
tor variables, which indicated comple-
tion of high school or education be-
yond high school, were included.
Marital status variables included indi-
cator variables for single and other vs
married. Both body mass index (BMD)
values and BMI values squared were in-
cluded as continuous variables. Indi-
cator variables for beer, liquor, and wine
drinkers and nonresponders vs non-
drinkers were included to adjust foral-
cohol consumption. Occupational ex-
posure was controlled for using various
indicator variables: regular occupa-
tional exposure to asbestos, chemicals/
acids/solvents, coal or stone dusts, coal
tar/pitch/asphalt, diesel engine ex-
haust, or formaldehyde, and addi-
tional indicator variables that indi-
cated 9 different rankings of an
occupational dirtiness index that has
been developed and described else-
where.!"?> Two diet indices that ac-
counted for fat consumption and con-
sumption of vegetables, citrus, and
high-fiber grains were derived based on
information given in the enrollment
questionnaire.'® Quintile indicator vari-
ables for each of these diet indices were
also included in the models."®

In addition to the baseline analysis,
several additional sets of analysis were
conducted. First, to more fully evalu-
ate the shape of the concentration-
response function, a robust locally
weighted regression smoother® (within
the generalized additive model frame-
work?”) was used to estimate the rela-
tionship between particulate air pollu-
tion and mortality in the second stage
of model fitting. Second, the sensitiv-
ity of the fine particle mortality risk es-
timates compared with alternative mod-
eling approaches and assumptions was
evaluated. Standard Cox proportional
hazards models were fit to the data in-
cluding particulate air pollution as a
predictor of mortality and sequen-
tially adding (in a controlled forward
stepwise process) groups of variables
to control for smoking, education, mari-
tal status, BMI, alcohol consumption,
occupational exposures, and diet.

In addition, to evaluate the sensitiv-
ity of the estimated pollution effect
while more aggressively controlling for
spatial differences in mortality, a 2-di-
mensional term to account for spatial
trends was added to the models and was
estimated using a locally weighted re-
gression smoother. The “span” param-
eter, which controls the complexity of
the surface smooth, was set at 3 differ-
ent settings to allow for increasingly ag-
gressive fitting of the spatial structure.
These included a default span of 50%,
the span that resulted in the lowest un-
explained variance in mortality rate be-
tween metropolitan areas, and the span
that resulted in the strongest evidence
(highest P value) to suggest no re-
sidual spatial structure. The risk esti-
mates and SEs (and thus the confi-
dence intervals) were estimated using
generalized additive modeling?” with
S-Plus statistical software,” which pro-
vides unbiased effect estimates, but may
underestimate SEs if there is signifi-
cant spatial autocorrelation and signifi-
cant correlations between air pollu-
tion and the smoothed surface of
mortality. Therefore, evidence of spa-
tial autocorrelation was carefully evalu-
ated and tested using the Bartlett test.””

‘The correlations of residual mortality
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with distance between metropolitan ar-
eas were graphically examined.

Analyses were also conducted of
effect modification by age, sex, smok-
ing status, occupational eXposure, and
education. Finally, models were fit us-
ing a variety of alternative pollution in-
dices, including gaseous pollutants.
Specifically, models were estimated
separately for each of the pollution vari-
ables listed in Table 1, while also in-
cluding all of the other risk factor vari-
ables.

RESULTS

Fine particulate air pollution gener-
ally declined in the United States dur-
ing the follow-up period of this study.
FIGURE 1 plots mean PM, 5 concentra-
tions for 1999-2000 over mean PM,;
concentrations for 1979-1983 for the

Figure 1. Mean Fine Particles Measuring
Less Than 2.5 pm in Diameter (PM, 5}
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Mean PA,s concentrations in micrograms per me-
tars cubed for 1999-2000 are plotted along with con-
centrations for 1579-1983 for the 51 metropolitan ar-
eas with paired pollution data. The dotted line is a
reference 45°-equality line.

51 cities in which paired data were
available. The concentrations of PMzs5
were lower in 1999-2000 than in 1979-
1983 for most cities, with the largest re-
duction observed in the cities with the
highest concentrations of pollution dur-
ing 1979-1983. Mean PM; s levels in the
2 periods were highly correlated
(r=0.78). The rank ordering of cities
by relative pollution levels remained
nearly the same. Therefore, the rela-
tive levels of fine particle concentra-
tions were similar whether based on
measurements at the beginning of the
study period, shortly following the
study period, or an average of the 2.
As reported in TABLE 2, all 3 indices
of fine particulate air pollution were as-
sociated with all-cause, cardiopulmo-
nary, and lung cancer mortality, butnot
mortality from all other causes com-
bined. FIGURE 2 presents the nonpara-
metric smoothed exposure response re-
lationships between cause-specific
mortality and PM; s (average). The log
RRs for all-cause, cardiopulmonary, and
lung cancer mortality increased across
the gradient of fine particulate matter.
Goodness-of-fit tests indicated that the
associations were not significantly dif-
ferent from linear associations (P>.20).
The fine particle mortality RR ratios
from various alternative modeling ap-
proaches and assumptions are pre-
cented in FIGURE 3. After controlling for
smoking, education, and marital sta-
tus, the controlled forward stepwise in-
clusion of additional covariates had litde
influence on the estimated associations
with fine particulate air pollution on car-
diopulmonary and lung cancer mortal-
ity. As expected, cigarette smoking was
highly significantly associated with el-

Table 2. Adjusted Mortality Relative Risk (RR) Associated With a 10-pg/m? Change in Fine

Particles Measuring Less Than 2.5 pm in Diameter

Adjusted RR (95% CI)*
Cause of Mortality r~1 979-1983 1899-2000 Average !
Al-cause 1.04 (1.01-1.08) 1,06 (1.02-1.10) 1,06 (1.02-1.11)
Cardiopulmonary 1.06 (1.02-1.10) 1,08 (1.02-1.14) 1.09 (1.03-1.16)
Lung cancer 1.08 (1.01-1.18) 1,13 (1.04-1.22) 1.14 (1.04-1.23)
All other cause 1.01 {0.97-1.05) 1.01 (0.97-1.06) 1.01 (0.95-1.06)

*Estimated and adjusted based on the baseline random-sifects Cox proportional hazards model, controling for age,
sax, race, Smoking, education, marital status, body mass, alcohol consumption, occupational exposure, and diet.

Ol indicates confidence Interval,
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evated risk of all-cause, cardiopulmo-
nary, and lung cancer mortality
(P<.001). Estimated RRs for an aver-
age current smoker (men and women
combined, 22 cigarettes/day for 33.5
years, with initiation before age 18 years)
were equal to 2.58, 2.89, and 14.80 for
all-cause, cardiopulmonary, and lung
cancer mortality, respectively. Statisti-
cally significant, but substantially smaller
and less robust associations, were also
observed for education, marital status,
BMI, alcohol consumption, occupa-
tional exposure, and diet variables. Al-
though many of these covariates were
also statistically associated with mortal-
ity, the risk estimates of pollution-

related mortality were not highly sen-

sitive to the inclusion of these additional
covariates,

Figure 3 also demonstrates that the
introduction of the random-effects com-
ponent to the model resulted in larger
SEs of the estimates and, therefore,
somewhat wider 95% confidence in-
tervals. There ‘was no evidence of sta-
tistically significant spatial autocorre-
lation in the survival data based on the
Bartlett test (P>.20) after controlling
for fine particulate air pollution and the
various individual risk factors. Further-
more, graphical examination of the cor-
relations of the residual mortality with
distance between metropolitan areas did
not reveal significant spatial autocor-
relation (results not shown). Never-
theless, the incorporation of spatial
smoothing was included to further in-
vestigate the robustness of the esti-
mated particulate pollution effect. Effect
estimates were not highly sensitive to
the incorporation of spatial smooth-
ing to account for regional clustering
or other spatial patterns in the data.

FIGURE 4 presents fine particle air
pollution-related mortality RR ratios af-
ter stratifying by age, sex, education,
and smoking status, and adjusting for
all other risk factors. The differences
across age and sex strata were not gen-
erally consistent or statistically signifi-
cant. However, a consistent pattern
emerged from this stratified analysis: the
association with particulate pollution
was stronger for both cardiopulmo-
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nary and lung cancer mortality for par-
ticipants with less education. Also, for
both cardiopulmonary and lung can-
cer mortality, the RR estimates were
higher for nonsmokers.

FIGURE 5 summarizes the associa-
tions between mortality risk and air pol-
lutant concentrations listed in Table 1.
Statistically significant and relatively
consistent mortality associations ex-
isted for all measures of fine particu-
late exposure, including PM; 5 and sul-
fate particles. Weaker less consistent
mortality associations were observed
with PM,o and PM,s. Measures of the
coarse particle fraction (PMis.s) and
total suspended particles were not con-
sistently associated with mortality. Of
the gaseous pollutants, only sulfur di-
oxide was associated with elevated mot-
tality risk. Interestingly, measures of
PM, s were associated with all-cause car-
diopulmonary, and lung cancer mor-
tality, but not with all other mortality.
However, sulfur oxide pollution (as
measured by sulfate particles and/or sul-
fur dioxide) was significantly associ-
ated with mortality from all other causes
in addition to all-cause, cardiopulmo-
nary, and lung cancer mortality.
COMMENT
This study demonstrated associations be-
rween ambient fine particulate air pol-
lution and elevated risks of both cardio-
pulmonary and lung cancer mortality.
Each 10-pg/m’ elevation in long-termav-
erage PM; 5 ambient concentrations was
associated with approximately a 4%, 6%,
and 8% increased risk of all-cause, car-
diopulmonary, and lung cancer mortal-
ity, respectively, although the magni-
tude of the effect somewhat depended
on the time frame of pollution monitor-
ing. In addition, this analysis addresses
many of the important questions con-
cerning the earlier, more limited analy-
sis of the large CPS-IL cohort, includ-
ing the following issues.

First, does the apparent association
between pollution and mortality per-
sist with longer follow-up and as the co-
hort ages and dies? The present analy-
sis more than doubled the follow-up
time to more than 16 years, resulting

MORTALITY AND LONG-TERM EXPOSURE TO AIR POLLUTION

in approximately triple the number of
deaths, yet the associations between
pollution and mortality persisted.
Second, can the association between
fine particulate air pollution and in-
creased cardiopulmonary and lung can-
cer mortality be due to inadequate con-
trol of important individual risk factors?
After aggressively controlling for smok-
ing, the estimated fine particulate pol-
lution effect on mortality was remark-
ably robust. When the analysis was
stratified by smoking status, the esti-
mated pollution effect on both cardio-
pulmonary and lung cancer mortality
was strongest for never smokers vs
former or current smokers. This analy-
sis also controlled for education, mari-
tal status, BMI, and alcohol consump-
tion. This analysis used improved
variables to control for occupational ex-
posures and incorporated diet variables
that accounted for total fat consump-
tion, as well as for consumption of veg-
etables, citrus, and high-fiber grains. The
mortality associations with fine particu-
late air pollution were largely unaf-
fected by the inclusion of these indi-

vidual risk factors in the models. The data
on smoking and other individual risk fac-
tors, however, were obtained directly by
questionnaire at time of enroliment and
do not reflect changes that may have oc-
curred following enrollment. The lack of
risk factor follow-up data results in some
misclassification of exposure, reduces the
precision of control for risk factors, and
constrains our ability to differentiate time
dependency.

Third, are the associations between
fine particulate air pollution and mor-
ality due to regional or other spatial dif-
ferences that are not adequately con-
trolled for in the analysis? If there are
unmeasured or inadequately modeled
risk factors that are different across lo-
cations, then spatial clustering will oc-
cur. If this clustering is independent or
random across metropolitan areas, then
the spatial clustering can be modeled
by adding a random-effects compo-
nent to the Cox proportional hazards
model as was done in our analysis. The
clustering may not be independent or
random across metropolitan areas due
to inadequately measured or modeled

Figure 2. Nonparametric Smoothed Exposure Response Relationship
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Differences of PMgas Concentrations

Figure 3. Mortality Relative Risk (RR) Ratio Associated With 10-pg/m®
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risk factors (either individual or eco-
logical). If these inadequately mea-
sured or modeled risk factors are also
spatially correlated with air pollution,
then biased pollution effects estimates
may occur due to confounding. How-
ever, in this analysis, significant spa-
tial autocorrelation was not observed
after controlling for fine particulate air
pollution and the various individual risk
factors. Furthermore, to minimize any
potential confounding bias, sensitiv-
ity analyses, which directly modeled
spatial trends using nonparametric
smoothing techniques, were con-
ducted. A contribution of this analysis
is that it included the incorporation of
both random effects and nonparamet-
ric spatial smoothing components to the
Cox proportional hazards model. Even
after accounting for random effects
across metropolitan areas and aggres-
sively modeling a spatial structure that
accounts for regional differences, the as-
sociation between fine particulate air
pollution and cardiopulmonary and
lung cancer mortality persists.

Fourth, is mortality associated pri-
marily with fine particulate air pollu-
tion or is mortality also associated with
other measures of particulate air pol-
lution, such as PM,,, total suspended
particles, or with various gaseous pol-
lutants? Elevated mortality risks were
associated primarily with measures of
fine particulate and sulfur oxide pol-
lution. Coarse particles and gaseous pol-
lutants, except for sulfur dioxide, were
generally not significantly associated
with elevated mortality risk.

Fifth, what is the shape of the con-
centration-response function? Within the
range of pollution observed in this analy-
sis, the concentration-response func-
tion appears to be monotonic and nearly
linear. However, this does not preclude
a leveling off (or even steepening) at
much higher levels of air pollution.

Sixth, how large is the estimated mor-
tality effect of exposure to fine particu-
late air pollution relative to other risk fac-
tors? A detailed description and
interpretation of the many individual risk
factors that are controlled for in the
analysis goes well beyond the scope of

MORTALITY AND LONG-TERM EXPOSURE TO AIR POLLUTION

Figure 4, Adjusted Mortality Relative Risk (RR) Ratio Associated With 10-pg/m? Differences
of PM, s Concentrations
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ntrations

Figure 5. Adjusted Mortallty Relative Risk (RR) Ratio Evaluated at Subject-Weighted Mean Conce
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this report. However, the mortality risk
associated with cigarette smoking has
been well documented using the CPS-I1
cohort.® The risk imposed by exposure
to fine particulate air pollution is obvi-
ously much smaller than the risk of ciga-
rette smoking. Another risk factor that
has been well documented using the
CPS-11 cohort data is body mass as mea-
sured by BM1.* The Word Health Or-
ganization has categorized BMI values
between 18.5-24.9 kg/m? as normal; 25-
29.9 kg/m?, grade 1 overweight; 30-
39.9 kg/m? grade 2 overweight; and 40
kg/m? or higher, grade 3 overweight.>!
In the present analysis, BMI values and
BMI values squared were included in the
proportional hazards models. Consis-
tent with previous ACS analysis,* BMI
was significantly associated with mor-
tality, optimal BMI was between ap-
proximately 23.5 and 24.9 kg/m?, and
the RR of mortality for different BMI val-
ues relative to the optimal were depen-
dent on sex and smoking status. For ex-
ample, the RRs associated with BMI
values between 30.0 and 31.9 kg/m? (vs
optimal) would be up to approxi-

MORTALITY AND LONG-TERM EXPOSURE TO AIR POLLUTION

mately 1.33 for never smokers. Based on
these calculations, mortality risks asso-
ciated with fine particulate air pollu-
tion at levels found in more polluted US
metropolitan areas are less than those as-
sociated with substantial obesity (grade
3 overweight), but comparable with the
estimated effect of being moderately
overweight (grade 1 to 2).

In conclusion, the findings of this
study provide the strongest evidence to
date that long-term exposure to fine par-
ticulate air pollution common to many
metropolitan areas is an important risk
factor for cardiopulmonary mortality. In
addition, the large cohort and extended
follow-up have provided an unprec-
edented opportunity to evaluate asso-
ciations between air pollution and lung
cancer mortality. Elevated fine particu-
late air pollution exposures were ass0-
ciated with significant increases in lung
cancer mortality. Although potential ef-
fects of other unaccounted for factors
cannot be excluded with certainty, the
associations between fine particulate air
pollution and lung cancer mortality, as
well as cardiopulmonary mortality, are

observed even after controlling for ciga-
rette smoking, BMI, diet, occupational
exposure, other individual risk factors,
and after controlling for regional and
other spatial differences.
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AIR QUALITY AND ETHANOL IN GASOLINE
By

Gary Z. Whitten, Ph.D.
Smog Reyes

Ethanol in gasoline can favorably impact mobile source emissions in five main air quality
areas: these areas are fine particulate matter (e.8., PMj, s), carbon monoxide, toxics,
ozone, and global warming. In this era of credit trading and with new data there is
always a lot to do to integrate these air quality areas with respect to ethanol. For
example, ethanol currently is the only compound that can be blended with gasoline to
help reduce global warming; yet there is no program in place to offer any credit in this
area. Below a brief overview the current situation in the other four air quality areas

impacted by ethanol.

PMys

Fine particulates can be emitted directly from vehicles (primary PMas) or formed in the
atmosphere (secondary PM»s). Ethanol can help on both fronts. Oxygen in the fuel has
been shown to reduce primary exhaust particulate from cars (Mulawa et al., 1997, and
Colorado, 1999) while raising aromatics has been found to increase PM (Graskow et al.,
1998). The Colorado study suggests that with 3.5 percent oxygen, the PM reduction at
35F is 36 percent for the normal fleet and 64.6 percent for the high emitters studied. If the
PM inventory is 50 percent from high emitters, the reduction in PM for 3.5 percent
oxygen is estimated to be 50.3 percent. Since both ethanol and aromatics add octane, it
can be expected that using ethanol in place of aromatics for octane would reduce primary
PM, s emissions even more than had been seen in the Colorado (1999) study. Mulawa et
al. (1997) also showed that PM reductions were observed from —20F to 75F and an
analysis of all available data suggests the oxygen effect is proportional to the PM
emission and independent of temperature.

The formation of secondary PM, s is a very complicated process currently being studied
by several scientists. One notable result published by Odum et al (1997) from Caltech
showed that the organic fraction of secondary PMy s, attributable to gasoline in the
atmosphere could be completely accounted for by the aromatics content of the gasoline.
In fact, the EPA’s REMSAD model for particulates and the Caltech secondary organic
aerosol model (see Griffin et al, 1999) now assume that all anthropogenic PM comes
solely from aromatic compounds. Hence, the use of ethanol in place of aromatics can be

expected to reduce secondary PMa s as well.




CO

Many studies have shown that the oxygen in ethanol leads to a significant reduction in
mobile carbon monoxide (CO) emissions. The OSTP (1997) study notes that vehicle CO
emissions are reduced from 2 to 10 percent per percent oxygen in the fuel. Moreover,
emissions inventories of CO consistently show that the mobile contribution, especially in
troublesome urban areas, is often as high as 90 percent. A statistical analysis of ambient
CO concentrations in areas using oxyfuels indicates that these fuels appear to reduce
local CO by an average of 14 percent nationally (See Whitten and Cohen, 1996).

Carbon monoxide is a major ozone precursor (National Academy, 1999). New studies
(Carter et al., 2003, and Whitten, 1999 and 2001) have shown that CO can be equivalent
to 25 to 50 percent of the mobile-related contribution from volatile organic compounds
(VOC). A significant reduction in CO emissions is provided by the high oxygen content
of ethanol. The California reformulated gasoline program does give some credit for VOC
reduction due to CO from high oxygen ethanol. However, the California regulations
have yet to account for new studies on CO high ozone-forming potential (e.g. Carter et
al., 2003) and data that show substantial CO reduction from ethanol in new cars
(Alliance, 2001). Likewise, with the partial exception of the Chicago-Milwaukee area,
the federal EPA has not given any credit to ethanol as shown by these new studies.
Moreover, the EPA has yet to recognize the data on new cars for its MOBILE6 emissions

model.

Other studies also show that the formation of combustion chamber deposits (CCD) are
strongly associated with high-boiling aromatic compounds in gasoline (See Choate and
Edwards, 1993, and Price et al, 1995). Bitting et al, 1994, showed by cleaning the CCD’s
that emissions (of CO, hydrocarbons and NOx) seen to increase with mileage were
mainly associated with CCD buildup. Ethanol should be effective in reducing CCD’s
when substituted for aromatics, but data is needed to show this.

Some interesting points to the oxyfuel issue are first that the impact of oxyfuels appears
to be the greatest on the higher-emitting vehicles (See Mayotte et al, 1994), which can
account for more than half the overall gasoline-related emissions. Pokharel et al (2001)
found that 10 percent of the automobiles in the Los Angeles accounted for 73 percent of
the on-road CO emissions. Second, the effect of fuel oxygen may often be more on
improving catalyst efficiency (See Reuter et al, 1992) rather than just enleanment of the
mixture as some have postulated. The Reuter et al. (1992) study showed that engine-out
CO emissions were not significantly affected by fuel oxygen, but the tailpipe (i.e. after
the catalyst) emissions were very much reduced. Assuming that ethanol improves
catalyst performance is more consistent with not only the engine out versus tailpipe data,
but the latest data as well (Alliance et al, 2001) that shows new cars still reducing CO in
spite of having “improved” mixture control that would be expected to eliminate any

enleanment from using ethanol.




Toxics

Benzene appears to be the most significant toxic compound emitted from vehicles. The
EPA Complex Model indicates that benzene emissions account for nearly 70 percent of
the total toxic emissions from vehicles using conventional gasoline and that exhaust

benzene accounts for nearly 90 percent of the total benzene. The EPA Complex Model
indicates that a 10 percent ethanol blend can reduce benzene by 25 percent compared to

conventional gasoline.

In addition to a 25 percent benzene reduction, the use of 10 percent ethanol is shown by the
EPA Complex Model to reduce total toxic mass emissions by 13 percent. However, the
California Air Resources Board recommends that toxic mass emissions be adjusted to
account for the individual potency of the toxic compounds involved. When the California
potency factors are applied to the EPA Complex Model results for splash blending 10
percent ethanol into conventional gasoline the total toxics risk is predicted to be reduced by
21 percent instead of the mass-only 13 percent reduction noted above.

There are three reasons that combine to explain why adding only 10 percent ethanol to
gasoline might reduce toxic benzene emissions by 25 percent or more. First, of course, there
is the dilution that occurs when ethanol is added. Second, the high octane value of ethanol
allows the oil refineries to scale back on all aromatics to keep octane within the same grade
of gasoline. The Caldecott tunnel study by Kirchstetter et al (1996) showed quite clearly
that essentially all aromatics were, in fact, scaled back by at least 20 percent when an
oxyfuel program in California went into place using only 2 percent oxygen by weight.

_ Neither benzene itself nor aromatics in general were regulated as part of the California
winter oxyfuel program in 1994. Benzene is an intermediate combustion product of other
aromatics. That is, reducing aromatics alone will reduce a large fraction of the benzene
exhaust emissions. And as noted below, exhaust benzene typically makes up about 90
percent of total benzene emissions (even during the summer months). The third, reason why
benzene can be reduced from using ethanol is the oxygen that helps reduce all organic
emissions. In summary, the three reasons why only 10 percent ethanol can reduce benzene
by as much as 25 percent are based on the dilution, the octane and the oxygen provided by

ethanol.

Gzone

Urban ozone formation occurs from rather complex photochemistry mainly from volatile
organic compounds (VOC) and CO in the presence of nitrogen oxides (NOx). The role
that ethanol can play in an urban ozone abatement program has been the subject of
several studies (See Whitten and Greenfield, 1993). Typically, ethanol blends have been
considered “neutral” towards summer ozone formation when used in conventional
gasoline with a 1 psi waiver in RVP volatility. This “neutrality” stems from the ability of
the oxygen in ethanol to reduce carbon monoxide (CO) emissions (which are an ozone
precursor) that compensate for the increased volatile organic compound (VOC) emissions
due to the waiver. In reformulated gasoline (RFG) the role of ethanol is more complex
due to the fact that fuel oxygen content is only one of several fuel properties considered.




Also the regulations supporting RFG tend not to account for high emitters, aggressive
driving, combustion chamber deposits, off-road engines, and carbon monoxide reactivity,
which are areas that ethanol (with its high oxygen content) has shown advantages.

One experimental study by Mayotte et al (1994) shows that ethanol significantly reduces
exhaust VOC and CO emissions compared to an equal volume of MTBE, where both
oxygenates were blended to essentially the same base clear gasoline. The NOx emissions
were found in that study to not be significantly different between the two oxygenates.
The extra VOC and CO reductions seen in the Mayotte et al (1994) study that could be
credited to the use of ethanol were mainly due to the impact of ethanol on the higher-
emitting vehicles, which can account for more than half the overall gasoline-related
emissions. A recent remote sensing study by Pokharel et al (2001) found that 10 percent
of the vehicles in the Los Angeles area accounted for 78 percent of the on-road VOC
emissions. A 1998 study of 12 vehicles by the California Air Resources Board (ARB)
failed to include any higher emitting vehicles, but it did include tests involving heavy
acceleration. The combined ARB tests that accounted for heavy acceleration show that
even for normal-emitting vehicles CO was reduced about 10 percent due to the extra 1.5
percent fuel oxygen between 11 volume percent MTBE (i.e., 2 percent fuel oxygen) and
10 percent ethanol (i.e., 3.5 percent fuel oxygen). There is evidence showing that
reformulated gasoline made with 10 percent ethanol could have a similar impact on
ozone formation to that expected from the use of a reformulated gasoline made from the
same clear base gasoline blended with 11 percent MTBE. In this regard, when heavy
acceleration, higher-emitting vehicles, and off-road engines are accounted for, the extra
exhaust reductions of the ethanol blend would at least mitigate, if not compensate, for the
additional evaporative emissions due to ethanol. ‘

Long Term Impacts

First, Bitting et al (1994) as noted above found that combustion chamber deposits (CCD)
are associated with long term emissions increases of CO, NOx, and hydrocarbons.
Bitting et al (1994) further showed that removal of CCD’s at high mileage can restore
emissions to low-mileage levels. Second, Choate and Edwards (1993) and Price et al
(1995) have shown that these CCD’s are strongly associated with high-boiling aromatic
compounds in gasoline. Hence, it now appears that reformulated gasoline containing
oxygenates in place of aromatics may be preventing some CCD build-up and, in turn,
leading to long term de facto emissions reductions previously not accounted for in the
more or less instantaneous effects of reformulated gasoline tested to date such as used in
the Complex and Predictive Models. More studies of these effects are needed.
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Five Air Quality Arens

e Global Warming
e Fine Particulates
® Carbon Monoxide
® |OXICS

e Ozone




e Ethanol is the only gasoline component
that can reduce GHG gases.

e Latest Argonne study (850,000 cars)
» Carbon Dioxide
» Methane (cows)




e Particulates: PM,. -

e Studies show primary emissions reduced
by 50 percent using 10 percent blends.

e Primary linked to aromatics which
ethanol can replace.

e Primary linked to deposits, which are
also linked to aromatics.

e Secondary organic formation linked to
aromatics which ethanol can replace. /}




e Main toxic is benzene.
» Mainly from exhaust (90%)
» Higher aromatics make benzene (65%)

e Ethanol reduces benzene.

& e Dilution

« Substitution for aromatic octane

» Cleaner combustion (especially high emitters)
e Acetaldehyde has low potency.

e 13% total mass reduced, 21% as potency




r on Monoxide »

e Gas engines main source
e Ethanol significantly reduces emissions
~ « Widely recognized
» On-road 19 percent for high emitters
'« On-road normal emitters --- varies
» Non-road 22 & 23 percent (4 & 2 stroke)

e Important ozone precursor
\ @ Trends not so good
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Figure 8. Example of a site with Increasing rend in recent years, The vartioal line
indicates the year that the oxygenated gasoling requirament ended.
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.From Normal Emltters

e MOBILEG6 and CARB use zero lmpact
1994 plus

« Yet new data show nearly 30 percent
impact from 10 percent ethanol blends

e EPA claims new car oxygen sensors
negate impact

» Air oxygen is not ethanol oxygen

» Data show zero before but big after catalyst

« Therefore ethanol seems to help catalyst




makes Smog

e In 1999 the National Aoademy noted that
CO accounts for 20% of the combined
impact of VOC and CO

e However, that NAS estimate used a
simplistic 1-day box model.

e New studies using multi-day grid models
show that CO can account for as much

as 60%.
» CO is one molecule, VOC represents many. )




e Conventional gasoline
» 1 psi RVP waiver with 10 percent ethanol
e Justified mainly by CO effect
¢ MOBILE® problems for ethanol

o Uses zero CO impact for new ('94+) vehicles
« New data show nearly 30 percent CO reduction

e High RVP impact vs. little data
e Federal Reformulated Gasoline

« Does not credit CO (except in Chicago-
Milwaukee with 0.3 psi RVP credit)




VIOG —California RFG

e Regulatory model stops use of 10
percent ethanol blends

» Due to predictions of high NOx emissions

e Latest data showing low NOx not yet in model
¢ Same study (on '94+ cars) as high CO effect
o Current model assumes high NOx.

e CARB model under-represents high emitters
« Fed. Model uses separate high-emitter sub-model.

e Such a sub-model approach for CaRFG has been
shown to significantly reduce overall NOx predictions.




e CARB concerns about permeantion

» Gives no CO debit (as a bonus for non-oxy)
» Debit equal to 12.4 tons VOC (CARB model).
» CARB now estimates permeation at 13 tons.

» However, CARB model (like MOBILEG) gives no
credit to ‘94+ cars and uses the same box mode

NAS did.

» Newer data and models show 19 to 56 tons VOC

equivalent for CO debit.

| as

/




e 1 Rapromber.

e Ethanol does not increase NOx as currently
predicted by California model.

» A new model formulation is needed with better
high-emitter treatment and one that uses new data

« This should allow use of 10 percent blends in
CaRFG
e Carbon Monoxide is THE biggest single (and
growing) contributor to ozone

» New studies support more CO credit for ethanol
« Ethanol seems to help the catalyst, not the A/F ratio /






