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XPOSURE TO TROPOSPHERIC OZONE
is widespread in the United
States,* occurring also outside
southern California, where ozone
formation was first recognized.® Short-
term exposure to ozone has been linked
to adverse health effects, including in-
creased rates of hospital admissions and
emergency department visits, exacerba-
tion of chronic respiratory conditions (eg,
asthma), and decreased lung func-
tion.*® Numerous time-series studies
have addressed the relationship be-
tween ozone levels and mortality counts
on short-term intervals of 1 or a few days,
including some studies involving mul-
tiple locations; however, their findings
have been inconsistent.”!” Interpreta-
tion of this evidence is constrained by the
limited range of locations included in
these reports, the variability of meth-
ods used, and the imprecision of esti-
mates from some of the studies. The
study of ozone and health is compli-
cated by the complex, nonlinear chemi-
cal formation of tropospheric ozone,
which is temperature driven, with higher
ozone levels at higher temperatures.'®
In 1997, the US Environmental Pro-
tection Agency (EPA) proposed revi-
sions to the National Ambient Air Qual-
ity Standard (NAAQS) for ozone,
adding a daily maximum 8-hour stan-
dard of 80 ppb (parts per billion by vol-
ume) while phasing out the daily hourly
maximum standard of 120 ppb. These
changes were prompted by evidence
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Context Ozone has been associated with various adverse health effects, including
increased rates of hospital admissions and exacerbation of respiratory illnesses. Al-
though numerous time-series studies have estimated associations between day-to-
day variation in ozone levels and mortality counts, results have been inconclusive.

Objective To investigate whether short-term (daily and weekly) exposure to ambi-
ent ozone is associated with mortality in the United States.

Design and Setting Using analytical methods and databases developed for the Na-
tional Morbidity, Mortality, and Air Pollution Study, we estimated a national average
relative rate of mortality associated with short-term exposure to ambient ozone for
95 large US urban communities from 1987-2000. We used distributed-lag models for
estimating community-specific relative rates of mortality adjusted for time-varying con-
founders (particulate matter, weather, seasonality, and long-term trends) and hierar-
chical models for combining relative rates across communities to estimate a national
average relative rate, taking into account spatial heterogeneity.

Main Outcome Measure Daily counts of total non—injury-related mortality and
cardiovascular and respiratory mortality in 95 large US communities during a 14-year
period.

Results A 10-ppb increase in the previous week's ozone was associated with a 0.52 %
increase in daily mortality (95% posterior interval [PI], 0.27%-0.77%) and a 0.64%
increase in cardiovascular and respiratory mortality (95% PI, 0.31%-0.98%). Effect
estimates for aggregate ozone during the previous week were larger than for models
considering only a single day's exposure. Results were robust to adjustment for par-
ticulate matter, weather, seasonality, and long-term trends.

Conclusions These results indicate a statistically significant association between short-
term changes in ozone and mortality on average for 95 large US urban communities,
which include about 40% of the total US population. The findings indicate that this
widespread pollutant adversely affects public health.
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from epidemiologic, controlled hu-
man exposure, and toxicologic stud-
ies that identified adverse health ef-
fects at ozone concentrations below the
existing 1-hour NAAQS." Because of
the relevance of epidemiologic evi-
dence to the NAAQS for ozone and
other pollutants, updated and ex-
panded time-series studies of ozone are
informative to the regulatory process.

With the National Morbidity,
Mortality, and Air Pollution Study
(NMMAPS), we have developed na-
tional approaches for multisite time-
series analyses of particulate matter with

an aerodynamic diameter less than 10
pm (PM,,) and mortality and hospital-
ization data that provided evidence for
decision making.?*%¢ As part of the
NMMAPS, we developed 2-stage statis-
tical models?®**" for estimating the per-
centage increase in mortality associ-
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ated with exposure to PM,, or other
pollutants. In our 2-stage approach, a
time-series analysis is first performed
within each community, and in the sec-
ond stage of analysis, the results are com-
bined across communities to produce a
national average estimate that ac-
counts for the within-community sta-
tistical uncertainty and the heterogene-
ity of the effects across the country.?*!

We use an updated NMMAPS data-
base, including 95 large US urban areas
for 1987-2000, to perform a multisite
time-series study of ozone and mortal-
ity. Because ozone concentrations are
typically available daily, at the first stage
of our analysis we extend previous ap-
proaches to develop constrained and
unconstrained distributed-lag mod-
els.”*?3* Distributed-lag models are ap-
propriate for estimating relative rates
of mortality associated with exposure
to pollution levels during several pre-
vious days, thus allowing more flex-
ibility for exploring the lag between ex-
posure and death than single-lag
models. At the second stage, we use hi-
erarchical models®*>*® to combine the
relative rate estimates obtained from the
community-specific distributed-lag
models to produce a national average
estimate. With this 2-stage model, varia-
tion across communities in the short-
term effects of ozone can be explored
and an effect estimated for the nation.

METHODS
Mortality, Weather,
and Pollution Data

This analysis is based on daily cause-
specific mortality counts for 1987-2000
obtained from the National Center for
Health Statistics on 95 large urbanized
areas. The mortality counts for each ur-
ban community are at the county level
(either a single county or multiple adja-
cent counties representing the metro-
politan area). The outcome measure was
the daily number of deaths in each com-
munity, excluding those of nonresi-
dents and those caused by injuries and
other external causes (International Clas-
sification of Diseases, Ninth Revision [ICD-
9] codes 800 and above, International Sta-
tistical Classification of Diseases, 10th
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Revision [ICD-10] codes S and above). In-
ternational Classification of Diseases, Ninth
Revision codes were used for 1987-
1998 and the ICD-10 for 1999 and 2000.
Mortality was further categorized by car-
diovascular causes (ICD-9 codes 390-
448, ICD-10 chapter I with codes <800)
and respiratory causes, including chronic
obstructive pulmonary disease and re-
lated disorders (ICD-9 codes 480-486,
490-497, or 507, ICD-10 chapter J with
codes 100-118, 120-189, 209-499, or
690-700). The average daily death rate
ranged from 2.2 deaths per day (Arling-
ton, Va) to 190 deaths per day (New
York, NY) and averaged 20 deaths per
day across all communities. Deaths for
people aged 75 years and older com-
prised approximately half of total deaths
in these 95 communities.

Air-pollution data for ozone and PM,,
were supplied by the US EPA’s Aero-
metric Information Retrieval Service
(now called the Air Quality System da-
tabase). To protect against outliers, a
10% trimmed mean was used to aver-
age across monitors after correction for
yearly averages for each monitor.” For
ozone, the 24-hour average, maxi-
mum 8-hour average, and maximum
hourly concentrations were calcu-
lated for each day. In several loca-
tions, ozone values were measured only
during the peak ozone season, often
April to October. (Descriptive statis-
tics on each community are provided
at http://www.ihapss.jhsph.edu/data
/NMMAPS/descriptives/frame.htm.)

Daily average values for dew point
and temperature were calculated from
hourly values obtained from the Na-
tional Climatic Data Center on the
Earth-Info CD database.*® Daily aver-
ages were chosen according to exten-
sive analyses conducted for related
work.?*** Measurements from mul-
tiple weather stations were averaged to
provide weather variables represent-
ing each community.*

Statistical Approach

A 2-stage statistical model*® was used
to estimate a national average associa-
tion between short-term ambient ozone
levels and mortality risk, accounting for

other factors such as weather, seasonal-
ity, long-term trends, and PM,,. In the
first stage, distributed-lag overdis-
persed Poisson regression mod-
els?0#8442 were used for estimating com-
munity-specific relative rates of mortality
associated with exposure to ozone in the
last week. First-stage community-
specific models included indicator vari-
ables for the day of the week to allow for
different baseline mortality rates for each
day of the week. Smooth functions of cal-
endar time (natural cubic splines) were
used to adjust for seasonality and long-
term trends, such as influenza epidem-
ics. We also added interaction terms be-
tween smooth functions of time and age-
specific indicators (<65, 65-74, =75
years) to further adjust for seasonal mor-
tality patterns that could vary by age
group. We controlled for the potential
confounding effect of weather by includ-
ing smooth functions of temperature, the
average of the 3 previous days’ tempera-
ture, dew point, and the average of the
3 previous days’ dew points.

At the second stage, we combined the
community-specific relative rates to gen-
erate a national average estimate of the
association between ozone and mortal-
ity that accounts for within-commu-
nity and across-community variability
(also called heterogeneity).””* The sec-
ond-stage model also provides commu-
nity-specific Bayesian estimates that are
approximately equal to a weighted av-
erage of the maximum likelihood esti-
mate (from the first stage) for that com-
munity and the national average with
shrinkage weights equal to w and 1-w,
respectively. The degree of shrinkage w
of each Bayesian estimate to the na-
tional average is inversely proportional
to the heterogeneity of the community-
specific relative rates. The higher the het-
erogeneity, the less the Bayesian esti-
mates shrink toward the overall mean.

We assessed the relationship be-
tween ambient ozone concentrations
and the risk of mortality on subse-
quent days at various single-day lags.
For instance, a lag of 0 days corre-
sponds to the association between
ozone concentrations on a given day
and the risk of mortality on that same
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Figure 1. Percentage Change in Daily Mortality for a 10-ppb Increase in Ozone for Total and
Cardiovascular Mortality, for Single-Lag and Distributed-Lag Models
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The single-lag model reflects the percentage increase in mortality for a 10-ppb increase in ozone on a single
day. The distributed-lag model reflects the percentage change in mortality for a 10-ppb increase in ozone dur-
ing the previous week. Error bars indicate 95% posterior intervals.

day. A lag of 2 days refers to the asso-
ciation between ozone levels on a given
day and the risk of mortality 2 days
later. In the single-lag models, we con-
sidered pollution for the same day and
up to 3 days before.

We also investigated cumulative ex-
posure during several days. Our dis-
tributed-lag model estimates the asso-
ciation between the risk of mortality and
the cumulative exposure to ambient
ozone levels during the previous week,
allowing each day to have an effect. We
used an unconstrained distributed-lag
model that simultaneously included
variables for the same day and up to 6
days before to estimate the effect of the
previous week’s ozone levels on cur-
rent-day mortality. We also used a con-
strained distributed-lag model to esti-
mate how the previous week’s pollution
levels affected mortality. This model
constrains lag-specific regression coef-
ficients to be a step function by includ-
ing variables for the average of the same
day’s concentration and that of up to 6
days before, the average of the same
day’s and the previous 3 days’ concen-
trations minus the average of the same
day’s and previous 6 days’ ozone lev-
els, and the current day’s concentra-
tion minus the average of the same day’s
and previous 3 days’ concentrations.

We examined the sensitivity of key
findings with respect to (1) the specifi-
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cation of the statistical model: con-
strained and unconstrained distributed-
lag models***® and single-day lag for
ozone exposure; (2) inclusion of PM;,
in the statistical model as a potential con-
founder; (3) exclusion of days with tem-
peratures above specified thresholds to
control for the potential confounding
effect of temperature and heat waves; (4)
specification of the degrees of freedom
(df) in the smooth functions of time to
control for seasonality and long-term
trends; and (5) use of different ozone ex-
posure metrics: daily average, 8-hour
maximum, and 1-hour maximum.

Calculations were implemented us-
ing the statistical software S-Plus** and
with strict convergence parameters.*
The data and statistical models used
have been made available on the Inter-
net-based Health and Air Pollution Sur-
veillance System (http://www.ihapss
.jhsph.edw/index.htm), maintained by
the Johns Hopkins Bloomberg School
of Public Health and sponsored by the
Health Effects Institute.

RESULTS
Mortality, Pollution,
and Weather Variables

The daily ozone concentrations varied by
community, averaging approximately 26
ppb across the 95 urbanized communi-
ties. Daily PM;, concentrations were gen-
erally not highly correlated with ozone

concentrations (correlations within com-
munities ranged from —0.38 to 0.63, av-
eraging 0.30) or with temperature (cor-
relations within communities ranged
from 0.34 to 0.61, averaging 0.33). The
correlation between daily ozone and tem-
perature ranged from —0.41 for Hono-
lulu, Hawaii, which also had the lowest
ozone concentrations, to 0.87 for Lou-
isville, Ky, and averaged 0.52.

Total Mortality

FIGURE 1 provides the national aver-
age estimates for total mortality ob-
tained under several model specifica-
tions. Results from the constrained
distributed-lag model indicated that a
10-ppb increase in daily ozone levels of
the previous week corresponded to a
0.52% (95% posterior interval [PI],
0.27%-0.77%) increase in daily mor-
tality. The 95% PI is the Bayesian for-
mulation of the 95% confidence inter-
val. The unconstrained distributed-
lag model provided similar estimates.
This result was statistically signifi-
cant, with a posterior probability of 1
that this overall effect is larger than zero.
Results from single-lag models indi-
cated that ozone concentrations from
the same day and a few preceding days
affected mortality. The relative rate es-
timates decreased as the lag increased,
indicating that exposure to ozone on
more recent days, such as the same or
previous day, was associated with a
larger risk of mortality than exposure
on less recent days, such as 2 or 3 days
ago. However, single-day lag models
underestimate the cumulative effect of
ozone on mortality because they take
into account only 1 day’s ozone expo-
sure. Distributed-lag models estimate
cumulative relative rates of mortality as-
sociated with ozone concentrations in
the few preceding days.

Effects of ozone on mortality for 3
age groups (<065, 65-74, and =75
years) were estimated separately by us-
ing the constrained distributed-lag
model to investigate whether the el-
derly are particularly susceptible to the
effects of ozone on mortality. Effect es-
timates for the 65- to 74-year age cat-
egory were 0.70% (95% PI, 0.28%-
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1.12%) for a 10-ppb increase in daily
ozone, whereas estimates for the young-
est and eldest groups were similar to the
overall estimate for the total popula-
tion, at 0.50% (95% PI, 0.10%-0.92%)
and 0.52% (95% PI, 0.18%-0.87%), re-
spectively, for a 10-ppb increase.
FIGURE 2 shows the community-
specific Bayesian estimates and their
95% PIs. The heterogeneity, which de-
notes the between-location SD of the
community-specific relative rates in re-
lation to their mean, was 0.64. The
mean effect of 0.52% indicated that 95%
of the true community-specific rela-
tive rates were within the interval
-0.73% to 1.77%.

We evaluated whether the estimated
national average effect was due entirely
to days with ozone levels higher than the
current regulatory standard of 80 ppb
for the daily 8-hour maximum, which
is roughly equivalent to a 60-ppb daily
average. With this restriction, we re-

peated the statistical analyses using only
days with ozone levels less than 60 ppb
and using a single day of exposure at a
lag of 1 day. We found that the na-
tional average effect was equal toa 0.15%
increase in daily mortality (95% PI,

0.04%-0.27%) for a 10-ppb increase in

ozone of the previous day. The effect es-

timate using all days was 0.18% (95%
PI1, 0.06%-0.30%).

Relative rate estimates for cardiovas-
cular and respiratory mortality are shown
in Figure 1. The national estimate for car-
diovascular and respiratory mortality was
slightly larger than the one for total mor-
tality: 0.64% (95% PI, 0.31%-0.98%)

increase in mortality fora 10-ppb increase
in the preceding week’s ozone levels.
We found the key results for ozone to
be robust to adjustment for PM,,. We ad-
justed for 1-day lag PM,, because this lag
yielded the largest effect estimate in pre-
vious time-series analysis of PM and mor-
tality for 90 US urban communities.?***
Because monitoring for PM,, is re-
quired for only 1 of every 6 days, we lim-
ited this sensitivity analysis to those days
for which PM,, and ozone were avail-
able. In single-lag models, the relative
rates estimated for mortality and ozone
at various lags (0, 1, and 2 days) were
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Figure 2. Community-Specific Bayesian Estimates, Constrained Distributed-Lag Model
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Figure 3. Community-Specific Maximum
Likelihood Estimates of the Short-term

Effects of Ozone on Mortality, With and
Without Adjustment for PM,
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Results are obtained with a 2-stage constrained dis-
tributed-lag model applied to the same data set (days
with data for ozone and particulate matter <10 pm
[PMio]). The distributed-lag model reflects the per-
centage increase in mortality for a 10-ppb increase in
ozone during the previous week. The large blue circle
indicates the national average effect.

affected little by inclusion of PM;, at lags
0, 1, or 2 days. FIGURE 3 compares the
maximum likelihood estimates for the
constrained distributed-lag model for
ozone, with and without adjustment for
PM,, and shows that the community-
specific estimates for ozone were also
robust to the adjustment for PM;.

We explored whether the associa-
tion between ozone and mortality was
modified by the long-term average of
PM, 5 (PM with an aerodynamic diam-
eter less than 2.5 pm) by performing a
weighted second-stage linear regres-
sion with the community-specific es-
timate of ozone’s effect on mortality as
the dependent variable and the long-
term PM, s average as the independent
variable. No association was ob-
served.

Sensitivity Analyses

The national average effect of ozone on
mortality was similar for the following
data sets: all 95 urban communities us-
ing all data, all communities for days
from April to October, and 55 commu-
nities that have yearly data for ozone. Es-
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timates for these 3 sets of analyses us-
ing the constrained distributed-lag model
were 0.52% (95% PI, 0.27%-0.77%),
0.39% (95% PI, 0.13%-0.65%), and
0.48% (95% PI, 0.16%-0.78%) increase
in mortality for a 10-ppb increase in the
previous week’s ozone level. Further, the
national average estimate of short-term
effects of ozone (using all days) on mor-
tality was robust to the exclusion of days
with high temperatures with a cutoff as
low as 29°C (85°F); the range of effects
for these analyses was 0.50% (95% PI,
0.25%-0.75%) to 0.55% (95% P1, 0.30%-
0.80%) for a 10-ppb increase in the pre-
vious week’s daily ozone concentra-
tion. Effect estimates were slightly higher
at lower temperatures.

The national average estimate of the
constrained distributed-lag model was
robust to the degrees of freedom for
smoothing of calendar time (ie, long-
term trends). The central estimate of the
mortality increase associated with a 10-
ppb increase in the previous week’s
ozone concentrations ranged from 0.41%
to 0.54%, with smoothing of calendar
time varying from 7 to 21 df per year.

Statistically significant relationships
were found for multiple ozone concen-
tration metrics by using the constrained
distributed-lag model. The concentra-
tions of the different metrics were highly
correlated, although relationships among
them varied because of differences in
weather and the nature of sources. The
increase in mortality was 0.52% (95% P1I,
0.27%-0.77%) for a 10-ppb increase in
the daily average, 0.64% (95% P1,0.41%-
0.86%) for a 15-ppb increase in the daily
8-hour maximum, and 0.67% (95% PI,
0.42%-0.92%) for a 20-ppb increase in
the daily hourly maximum.

COMMENT

This multisite time-series study of 95
large US urban communities through-
out a 14-year period provides strong
evidence of an association between
mortality and short-term exposure to
ozone. On average across the 95 com-
munities, we estimated a 0.52% (95%
PI, 0.27%-0.77%) increase in daily mor-
tality for a 10-ppb increase in the pre-
vious week’s ozone concentration. We

found that the community-specific es-
timates were heterogeneous. Air pol-
lution effect estimates may be heterog-
eneous because of many factors,
including city-specific differences in
pollution characteristics, the use of air
conditioning, time spent indoors vs out-
doors, and socioeconomic factors.

The estimated effect was relatively ro-
bust to estimation with several statisti-
cal models and to the degree of con-
founding adjustment for seasonality,
long-term trends, and temperature. The
results indicate a substantial health bur-
den from ozone pollution. For ex-
ample, according to our national aver-
age estimate from the constrained
distributed-lag model, a 10-ppb in-
crease in daily ozone would corre-
spond to an additional 319 (95% P1, 168-
472) annual premature deaths for New
York City and 3767 (95% PI, 1976-
5562) premature deaths annually for the
95 urban communities, based on mor-
tality data from 2000. This value is prob-
ably an underestimate of the total mor-
tality burden from such an increase in
ozone because it accounts for only the
short-term effects. Further, we found a
relationship between mortality and ozone
at pollution levels below the current
regulatory standard. Our analysis fo-
cused on 95 large urbanized areas, al-
though rural communities may also ex-
perience elevated ozone levels, especially
because of large biogenic emissions of
volatile organic compounds and the
movement of ozone and ozone precur-
sors from other regions.

Our study resolves inconsistencies in
the findings of previous time-series
studies of ozone and mortality. The na-
tional average estimate was compa-
rable to those from other pooled analy-
ses, including meta-analyses and other,
smaller multicity studies. To compare
results across these studies, which have
used diverse metrics for ozone expo-
sure, we converted the estimates from
all of the studies to a common metric,
the daily average. Although the rela-
tionship between different ozone con-
centration metrics can vary by loca-
tion, we used ratios of 2.5 and 1.33 to
convert estimates according to the daily
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1-hour maximum and 8-hour maxi-
mum, respectively, to the daily aver-
age, as has been done by others.*+"
Earlier multicity time-series studies
of ozone and mortality have estimated
a broad range of effects. A 10-ppb in-
crease in daily ozone was associated
with estimated increases in daily mor-
tality of 2.84% (95% PI, 0.95%-
4.77%) for 4 European cities,* 0.61%
(95% PI, -0.38% to 1.60%) for 7 Span-
ish cities,” 1.40% (95% PI, 0.68%-
2.12%) for 6 French cities,”® and 0.43%
(95% PI, 0.23%-0.63%) for 80 US ur-
ban centers from 1987 to 1994%*; how-
ever, a negative, nonstatistically sig-
nificant association was reported for 7
major Korean cities for 1991-1997.%
Recent meta-analyses were reported by
Thurston and Ito,* who combined re-
sults of 16 studies and considered dif-
ferences in their approaches to the mod-
eling of weather; Levy et al,* who used
4 US studies based in Cook County, 1I-
linois, and Philadelphia; Stieb et al,>*>
who extracted results from 109 single-
and multicity studies for random ef-
fects pooling; and Anderson et al,>* who
conducted a meta-analysis of ozone and
PM as part of a World Health Organiza-
tion project. The overall estimates from
the meta-analysis studies, expressed as
the percentage increase in daily mortal-
ity for a 10-ppb increase in daily ozone,
are 0.89% (95% CI, 0.56%-1.22%)"",
1.37% (95% CI, 0.78%-1.96%),*" con-
sidering only studies that allow nonlin-
ear associations between temperature
and mortality; 0.98% (95% CI, 0.59%-
1.38%)*; 1.12% (95% CI, 0.32%-
1.92%)°*>%; and 0.78% (95% ClI, 0.39%-
1.18%).°* Our distributed-lag model’s
estimate was 0.52% (95% PI, 0.27%-
0.77%) for a 10-ppb increase in the pre-
vious week’s ozone levels, whereas our
estimates for a single day’s lag was 0.25%
(95% P1, 0.12%-0.39%) and 0.18% (95%
PI, 0.06%-0.30%) for a 10-ppb increase
in the same day’s and previous day’s
ozone concentrations, respectively. The
lower value estimated by our model
could be due to publication bias in the
single-city studies that are incorpo-
rated into the meta-analyses. Because the
same statistical approach was applied to
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time-series data from the 95 large US ur-
ban communities, our results are not sub-
ject to publication bias.

A key advance in our study is the use
of distributed-lag models, rather than
models that estimate the effect of a single
day or several days at a particular lag. Us-
ing single-day lagged models and the dis-
tributed-lag approach, we found statis-
tically significant associations between
ozone levels on the preceding days (pri-
marily the current day and 2 previous
days) and daily mortality. This tempo-
ral pattern of effect would be antici-
pated for ozone, which produces acute
inflammatory responses in the lung; ad-
aptation of this inflammatory response
with several days of repeated exposure
has been demonstrated.” Although the
temporal dynamics of the underlying
processes linking ozone exposure to in-
creased mortality may differ from those
of the inflammatory response, inflam-
mation has been postulated as having a
central role in the increased mortality and
morbidity associated with ozone.

Several groups within the popula-
tion have been considered at increased
risk from ozone exposure, including
older persons and those with underly-
ing chronic heart and lung diseases. We
did not find evidence of significantly
greater risk for these 2 groups; the esti-
mated increments in risk were similar
across age groups and for total mortal-
ity and cardiorespiratory mortality. How-
ever, this lack of evidence for increased
susceptibility should be interpreted in the
context of effect modification on the rela-
tive risk scale in the statistical models that
were used. In these models, higher un-
derlying mortality rates are increased
multiplicatively by the effect of ozone,
implying a substantially greater abso-
lute effect of ozone in older persons or
those with cardiac or pulmonary dis-
eases. Because the older population has
a larger baseline mortality rate than the
general population, the same relative rate
estimate for the older and the general
populations leads to a larger number of
extra deaths for the elderly.

One critical concern is the extent to
which effect estimates may be con-
founded by either temperature or other

pollutants. In the communities in-
cluded in the present analysis, the con-
centration of ozone was not correlated
with concentrations of PM,,. This lack
of correlation and the stability of the
ozone estimate with inclusion of PM,,,
and vice versa, in the models provide
strong evidence against confounding of
the effects of these 2 pollutants. The
ozone and mortality results do not ap-
pear to be confounded by temperature,
as evidenced by analyses using subsets
of the data at various temperature lev-
els and periods.

However, the estimated effect of
ozone, although robust to the adjust-
ment for PM,, may still reflect the risk
from the photochemical pollution mix-
ture more generally. Atmospheric pho-
tochemistry produces several hazard-
ous pollutants, in addition to ozone, such
as peroxyacyl nitrates.'® Ozone may act
as a surrogate indicator for this highly
complex and geographically variable
mixture and is likely to be an imperfect
measure of potential toxicity. The de-
gree to which ozone functions as a sur-
rogate for other pollutants or the pollut-
ant mixture in general, and thereby
misclassifies toxicity, may vary across lo-
cations and depend on the mix of sources
and meteorologic factors. Although sta-
tistically significant relationships were
identified for all ozone concentration
metrics considered, the analysis did not
identify a particular metric as the opti-
mum predictor of mortality.

Ozone pollution is now widespread in
urban areas in the United States and
many other countries. Its rise reflects pri-
marily increased numbers of motor ve-
hicles and miles traveled; vehicle emis-
sions are a major source of precursor
hydrocarbons and nitrogen oxides. In the
United States, more than a hundred areas
are not in compliance with the 8-hour
NAAQS for ozone, with the most ex-
treme violations in California.? Our find-
ings, interpreted in the context of the al-
ready extensive epidemiologic and
toxicologic evidence on ozone toxicity,
indicate that this widespread pollutant
adversely affects mortality, in addition to
other health effects that have been asso-
ciated with ozone.*® The consequences
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of control strategies for public health can
be tracked with the methods and data-
bases described in this report.
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