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Epidemiologic studies have focused attention on the health effects of fine particulate air pollu-
tants <2.5 pm iM diameter (PM2.5). To further characterize the potential effects of fine particles,
we investigated the relationsip of air pollution to mortality in Mexico City during 1993-1995.
The'eoncentration of PM25 was measured on a 24-hr integrated basis; concentrations of NO2
and ozone were measured hourly and reduced to 24-hr means. Daily mortality was determined
from death registration records, and Poisson regression was used to model daily death counts as
a function of air pollutant levels on the same and previous days, while controlling for tempera-
ture and periodic cycles. Without taking other air pollutants into account, a 10 pg/m3 increase
in the level of PM2.5 was associated with a 1.4% increase in total mortality, both on the current
day and 4 days after exposure [95% confidence interval (CI), 0.2-2.5]. An equivalent increase in
PM2.5 was also associated with somewhat larger excesses ofdeaths among people over 65 years of
age and from cardiovascular and respiratory causes, which occurred after a lag of 4 days. The
mean concentration of ozone over a 2-day period was associated with a 1.8% increase in mortali-
tyfrom cardiovascular diseases. NO2 was not consistently related to mortality. Fine particles had
an independent efifct on mortality when modeled simultaneously with other pollutants, and the
association of ozone with cardiovascular mortality was rengthened after adjusting for NO2 and
PM25. These results support previous findings that urban air pollution at current levels leads to
excess mortality and suggest that fine particles may play a causal role in producing that excess.
Key words: air pollution, cardiovascular disease, Mexico, mortality, ozone, particles, respiratory
disease. Environ HeaLh Perspet 106:8494855 (1998). [Online 18 November 1998]
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Epidemiologic time-series studies indicate
that increased mortality is associated world-
wide with high levels of particulate air pol-
lution on the same day or the days immedi-
ately before. A review of 20 such studies for
the EPA criteria document on particulate
matter (1) indicated that, on average, all-
cause mortality increases 2.5-5% for each
increment of 50 pg/m3 in the ambient con-
centration of thoracic particles (particulate
matter <10 pm in aerodynamic diameter, or
PM10). Epidemiologic findings have been
remarkably consistent across studies, and
similar estimates have been reported in
independent meta-analyses by several
authors (2-5). These observed increases in
total mortality appear to be due in part to
more strongly elevated risk among the
elderly and for cardiovascular and respirato-
ry disease mortality (2,6).

A key development in recent studies is
the observation that the overall effects of
thoracic particles may be largely attributable
to the fine fraction less than 2.5 jim in aero-
dynamic diameter (PM2 5). Two large,
prospective studies (7,8) found associations
between fine particles and mortality in
selected cities in the United States. In a sub-
sequent analysis, mortality increased 7.5%
for each 50 pg/m3 of fine particles and was
stronger than the effect of total thoracic

particles or sulfates (9). Nevertheless, the
number of studies that have examined the
link between fine particles and mortality is
small, and all of them have been conducted
in the United States, in cities with a rela-
tively limited range of climatic and popula-
tion characteristics.

To further examine the evidence that
fine particulate air pollution is associated
with excess mortality, we conducted an epi-
demiologic time-series study in the south-
western part of Mexico City, where we
made daily air pollution measurements dur-
ing the years 1993-1995. Mexico City is
one of the world's most populous urban
areas, with 18 million inhabitants, some 3
million motor vehicles, and over 4,000
industrial establishments sharing the metro-
politan zone of the Valley of Mexico (JO).
Owing to its location at 19°N latitude and
2,200 m above sea level, Mexico City has a
mild tropical climate with temperatures
very rarely outside the range of 0-35°C.
Since buildings are generally not heated, air
pollution is primarily from automotive and
industrial sources (10). Relative to other
urban areas in North America and Europe,
Mexico City has low levels of sulfur diox-
ide, levels of particles that can be moderate-
ly to very high, but vary by area of the city,
and very high levels of ozone. In addition,

the population is younger, with a lower
crude death rate and a different epidemio-
logical profile. Research in this setting can
be particularly informative because of its dif-
ferences from the sites of previous studies.

In a previous study in Mexico City, we
observed a relative risk for total mortality of
1.06 per 100 pg/m3 total suspended parti-
cles, with no independent effect of ozone
despite its high levels (11). However, the
ability to characterize the effect of particles
was limited by the lack of information
about finer size fractions and by the air
monitoring scheme in use at that time,
which provided particulate data only every
sixth day. With daily measurements of the
possibly more potent fine particles available
for the current study, our hypothesis was
that increasing levels of fine particles are
associated with excess mortality, indepen-
dent of ozone.

Methods
Study area. The research area was formed
from six geopolitical subunits of the Federal
District of Mexico (Delegaciones Alvaro
Obreg6n, Benito Juarez, Coyoacan,
Cuajimalpa, Magdalena Contreras, and
Tlalpan) surrounding an air quality monitor-
ing station that we operated at a school in the
southwestern part of the city (12. This area
has about 2.5 million inhabitants (about one-
third the population of the Federal District)
and is socioeconomically diverse, including
both poor neighborhoods and some of the
city's wealthiest areas. Historically, the south-
west has tended to have the highest ozone
concentrations in the city and lower levels of
particulates than heavily industrialized areas
in the northwest (10).
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Figure 1. Time-series plots for mortality, weather,
and air pollution in Mexico City, 1993-1995. (A)
Total mortality (deaths per day). (B) Daily mean
temperature. (C) Daily mean relative humidity (%).
(D) Daily rainfall (mm). (E) Daily mean PMV25
(pg/nm3). (F) Daily mean NO (ppm). (G) Daily mean
SO2 (PPM). (H) Daily mean 63(PPM).

Mortality data. Electronic records of
death certificates of residents of the six dele-
gaciones of the study were obtained from the
Instituto Nacional de Estadistica, Geografia,
e Informatica. The record for each decedent
included age, place of residence, and the
date, place, and underlying cause of death.
Causes of death were coded according to the
9th revision of the International Classification
ofDiseases (ICD-9). Deaths from external
causes (accidents, poisoning, and violence),
indicated by ICD-9 codes >E800 were

excluded, as were those which occurred out-
side the Federal District.

The death data were reduced to daily
counts of deaths for all ages and for all
nonexternal causes of death combined.
Daily deaths were reaggregated to obtain the
numbers of deaths for persons .65 years of
age and for the cause categories of respirato-
ry disease (ICD-9 codes 460-466, 480-487,
490-496, 500-508), cardiovascular disease
(ICD-9 codes 390-398, 401-417, 420,
430-438, 440-448), and all other causes.

Air quality data. Ambient air pollutant
levels were monitored at a station we operated
at a primary school in Pedregal, a residential

area in the southwest. Levels of fine partides
(PM2.5) were recorded as 24-hr integrated par-

tide mass, with samples collected on Teflon fil-
ters using Harvard Impactor low flow size-frac-
tionated partide samplers. Filters were collect-

ed daily at 0800 hr, and particle mass was

determined gravimetrically in a temperature-
and humidity-controlled laboratory according
to a standard protocol. Field and laboratory fil-
ters were used to detect problems in sampling
and mass determination. A 10% co-located
sample was used to ensure sampling precision.

Concentrations of 03 NO2, NOx, NO,
and SO2 were measured hourly using U.S.
EPA standard methods: ultraviolet photome-
try for ozone, chemiluminescence for nitro-
gen oxides, and pulsed fluorescence for SO2.
Instruments were calibrated bimonthly.

External audits of all monitoring systems
were performed twice a year by the Harvard
School of Public Health, Cambridge,
Massachusetts. Pollutant measurements that
failed to meet quality assurance criteria were
excluded from the epidemiologic study.

Meteorological data were provided by
Jose Camacho Salazar (personal communi-
cation) from a station operated by the

Observatorio Meteorol6gico del Colegio
de Geograffa of the Universidad Nacional
Aut6noma de Mexico. Temperature and
relative humidity were measured hourly by
automatic recording instruments, and
rainfall was measured daily with a conven-

tional rain gauge. All methods were stan-
dard, and co-located reference instruments
were used for calibration.

Hourly measurements of air pollution
and weather parameters were reduced to

24-hour means, with daily minimum and
maximum temperature also retained as

additional indicators.
Data analysis. Except for occasional

missing or excluded observations, data for all
air pollutants were available for the period 1
January 1993-31 July 1995. The mortality
and air quality data were merged to create
an analysis file with days as the units of
observation. We used the 24-hr mean as the
indicator of exposure to all air pollutants.
Although prevailing standards for ozone are

based on the daily 1-hr maximum concen-

tration, the daily mean was a better predic-
tor of mortality in our previous study in

Mexico City (11), in addition to being more
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consistent with the indicators for other pol-
lutants. The distributions of mortality, air
pollution, and weather parameters were ini-
tially examined one at a time using descrip-
tive statistics and one-way plots; the tempo-
ral behavior of each variable was described
with time-series plots.

Mortality is a rare event whose frequen-
cy varies as a continuous function of time-
related factors such as weather. We therefore
used an extension of Poisson regression to
model daily mortality. To allow for nonlin-
ear relationships between mortality and pre-
dictor variables related to time and climate,
we employed a generalized additive model,
which allows the linear predictor, X in the
conventional Poisson regression model,
log[E(1)] = X to be replaced by a smooth,
nonlinear function of the predictor variables
or a combination of linear and nonlinear
predictors (13). Because the form of the
function governing the behavior of mortali-
ty over time is unknown, we developed non-
parametrically smoothed functions of pre-
dictor variables empirically using standard
smoothing algorithms. Other investigators
have used similar models (14,15). For the
models used in the analyses presented here,
we used the LOESS smoother (16), but
comparable results were achieved using
other smoothing methods.

Mortality on successive days may be
correlated because of the dependence of
death rates on weather and other cyclical
factors. To account for the potential effects
of these serial correlations among observa-
tions, we multiplied the estimated variance
of the regression coefficients by the square
root of the overdispersion parameter (17) to
adjust for extra-Poisson variation (16). Stata
software (Stata Corporation, College
Station, TX) was used for data management
and convential Poisson regression, and S-
Plus (Statistical Sciences Corporation,
Seattle, WA) was used to fit generalized
additive models.

As the first step in the model-building
process, we developed a basic predictive
model for daily mortality, without regard
to air pollution. We examined relationships
of time, temperature, humidity, and rain-
fall to mortality using a combination of
graphical and regression methods. We con-
sidered smoothed functions of minimum,
maximum, and mean temperature on the
current day and lagged up to 6 days, 3-day
moving averages of temperature with lags
of 0-2 days, and an array of variables for
humidity and rainfall.

In comparing regression models, we eval-
uated both goodness of fit and the magnitude
of regression coefficients, giving the greatest
weight to parameters with large coefficients in
models that fit the data well. Goodness of fit

was evaluated by Akaike's Information
Criterion (AIC), a measure of model
deviance (a conventional indicator of fit) (17)
adjusted for the number of parameters (13).

Pollution variables were added after
developing the basic mortality model. Fine
particles were of primary interest, but we
also considered NO2 and 03 as indepen-
dent predictors and potential confounders.
SO2 was not considered because the con-
centrations were comparable to those in the
cities with the lowest levels, as reported in
other studies (4,7,18-20). Pollutant con-
centrations were entered as continuous vari-
ables scaled in micrograms per cubic meter
for particles and parts per billion (ppb) for
gases. To examine the temporal relation
between pollution and mortality, we con-
sidered mean exposures in moving "win-
dows" (21) of 1-5 days duration. For each
pollutant, the window associated most
strongly with each category of mortality was
used in the final model.

Regression coefficients describing the
relationship of mortality to pollutant levels
were expressed as the percent change in
mortality per 10 unit (micrograms per
cubic meter or ppb) change in concentra-
tion for all pollutants. These increments
were equivalent to 0.7 interquartile range
(IQR) for fine particles, 2.4 IQR for SO2,
0.7 IQR for NO2, and 0.5 IQR for 03.
Ninety-five percent confidence intervals
(CIs) for the coefficients were estimated
using the normal approximation.

Results
Descriptive analysis. On the average day,
there were 32 deaths in the study area,
including 18 among people .65 years of
age, 3 from respiratory causes, and 9 from
cardiovascular diseases (Table 1). Daily
mean temperature and relative humidity
had rather narrow ranges, with means of
16.5°C and 51.6%, respectively (Table 2).
The mean concentration of fine particles
was 27 pg/m3. Concentrations of NO2 and
SO2 were moderate to low, with means of
37.7 and 5.6 ppm, respectively. In con-
trast, the level of 03 was high: the mean
was 44.0 ppm and the 1-hr maximum con-
centration exceeded prevailing standards on
the majority of days (Table 2).

Current day levels of most pollutants
were moderately to strongly correlated,
with Pearson correlation coefficients rang-
ing from 0.52 to 0.71 (Table 3). The cor-
relation of ozone with other pollutants was
diminished when lagged pollutant levels
were used, while correlations between the
remaining pollutants were essentially
unchanged (Table 3). Regardless of the lag
period, the strongest correlations were
between fine particles and NO2 (Table 3).

Mortality displayed a marked seasonal
pattern peaking in January (Fig. 1A).
Temperature, relative humidity, and rain-
fall had an opposite pattern, with mini-
mums early in the year and peaks in June
or July (Fig. 1B-D). The seasonality of
rainfall was particularly pronounced, with
the majority occurring between June and
October (Fig. 1D). Like mortality, particu-
late pollutant levels peaked early in the
year, then declined during the rainy season
(Fig. 1E). Seasonal patterns were similar for
NO2 and SO2 (Fig. 1F-G), but notably less
distinct for ozone (Fig. 1H).

Mortality model. Of the array of weath-
er variables that we considered in the initial
phase of model building, smoothed func-
tions of minimum temperature lagged 2
days, mean temperature lagged 1 day, and
the average temperature during the 3 days
before death were the strongest predictors of
mortality, indicating a linear 0.20-0.27%
decrease in mortality per degree Celsius.
Relative humidity and rainfall were also
associated with mortality when considered
in conventional multivariable Poisson
regression models. However, three-dimen-
sional plots suggested that these variables
were strongly related to temperature. When
all three variables were assessed simultane-
ously, temperature was associated most
strongly with mortality, and its effect was
the same regardless of whether humidity or
rainfall was in the model. Smoothed three-
dimensional surfaces combining tempera-
ture and humidity gave analogous results.
We also evaluated short-term time effects by
adding indicator variables for day of the
week to the Poisson regression model, but
they had no appreciable effect.

The best compromise between model
fit and number of parameters was achieved
with a model containing nonparametrically
smoothed terms for time and the mean
temperature during the 3 days before
death. A similar model with only the time
term fit nearly as well, but the quality of fit
diminished in models containing only vari-
ables for temperature on the same day, or
up to 3 days previously. Adding relative
humidity to the model with smoothed time
and temperature did little to improve fit,
and the fit actually deteriorated when an
indicator variable for season was added. As
a result, we adopted the model containing
smoothed terms for time and the mean
temperature during the 3 days before death
as the basic model for futher analyses.

Fine particles. A 10 pg/m3 increase in
fine particles was associated with 1.3%
increase in total mortality on the same day
(CI, 0.2-2.5) and a 1.4% increase after a
lag of 4 days (CI, 0.2-2.5), but no excess
mortality was associated with fine particles
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on intervening days (Table 4). When mul-
tiple-day exposure windows were exam-
ined, total mortality was associated most
strongly with the mean exposure of the
previous 5 days (1.5% change per 10
pg/m3). However, precision was reduced
relative to single-day windows (Table 4), so
we used the daily mean concentration 4
days previously as the index of exposure to
fine particles in subsequent analyses.

Fine partides 4 days previously were asso-
ciated with a 1.6% increase in deaths among
people over 65 years of age (CI, 0.0-3.1).
Similar patterns were observed for respiratory
mortality, with a 2.5% increase in deaths
associated only with fine particles 4 days pre-
viously, and also for cardiovascular diseases,
with a 2.2% increase in deaths associated
with fine particles 4 days earlier (Table 5).

Other air pollutants. A 10 ppb incre-
ment in the level of ozone was associated
with <1% change in total mortality for all
exposure windows (data not shown). Of
the windows examined, the mean concen-
tration of ozone in the 1-2 day period was
the best predictor of mortality. With this
indicator, cardiovascular disease deaths
increased 1.8% per 10 ppb (CI, 0.1-3.5),
while the changes for other categories of
mortality were <1% (Table 5).

For NO2, the mean concentration dur-
ing the previous 1-5 days was associated
most strongly with mortality. A 10 pg/m3
change in NO2 during this period was
associated with roughly 1% changes in

total mortality and cardiovascular mortality
and a 2% change in respiratory mortality
(Table 5). The precision of these estimates
was relatively poor, however (Table 5).

Multiple air pollutants. To evaluate the
evidence for independent effects of the three
pollutants, we fit models simultaneously
containing variables for fine particles, 03
and NO2 in combinations of two and three.
The two-pollutant model including fine
particles and ozone yielded essentially the
same results as one-pollutant models for the
same constituents, with 1-2% increases in
total, elderly, respiratory, and cardiovascular
mortality for a 10-unit increase in partides,
and a 2% increase in cardiovascular mortali-
ty for ozone (Table 5). The results for parti-
cles were also similar in a two-pollutant
model that also included NO2, with little
evidence that NO2 was associated with any
cause of death. With variables for all three
pollutants in the model simultaneously, the
results were again similar to those obtained
when pollutants were considered one or two
at a time. A 10-unit increment in fine parti-
cles was associated with a 1.7% increase in
total mortality (CI, 0.2-3.1%), a 2.3%
increase in mortality among the elderly (CI,
0.3-4.2), and a 3.4% increase in cardiovas-
cular disease mortality. The association of
ozone with cardiovascular mortality was
strengthened and became statistically signifi-
cant; a 10-unit change in ozone was associ-
ated with a 2.8% change in cardiovascular
mortality (CI, 0.0-5.6%). This model again

gave little evidence of an association of mor-
tality with NO2.

Discussion
We found that a 10 pg/m3 increase in the
concentration of fine particles was associat-
ed with a 1.3-1.7% increase in total mor-
tality 4 days after exposure, regardless of
the presence of other air pollutants. The
same level of increase in fine particles was
also associated with excess mortality of
around 2% among people over 65 years of
age and from cardiovascular and respiratory
causes, all occurring after a lag of 4 days.
Rising levels of ozone were associated with
rising mortality from cardiovascular dis-
eases, which increased about 3% per 10
ppb of ozone. Ozone was not associated
with other causes of death, however.

The association of fine particles and
mortality was bimodal in time, with an
acute increase in mortality on high pollution
days, followed by a second peak 4 days later.
This phenomenon is consistent with both a
"harvesting" of highly susceptible persons on
the day of exposure to high pollution levels
and a lagged increase in mortality due to
delayed effects of reduction of pulmonary
defenses, cardiovascular complications, or
other homeostatic changes among less-com-
promised individuals.

These findings are based on a statistical
model for mortality that controlled periodic
variations in death rates with a small number

Table 1. Summary statistics for daily mortality by age and cause of death in southwest Mexico City,
1993-1995

Age >65 Cardiovascular Respiratory Other
Total years diseases diseases causes

Mean 32 17.8 9.1 3.2 19.8
Standard deviation 6.4 4.7 3.2 1.9 4.7
Minimum 16 4 1 0 6
Lower quartile 27 15 7 2 16
Median 32 17 9 3 20
Upper quartile 51 21 11 4 23
Maximum 55 36 20 11 39

Table 3. Pearson pairwise correlation coefficients
among air pollutants on the same day and on the
day associated most strongly with mortality for
each pollutant

PM25 NO2
Same day
NO2 0.71
03 0.59 0.46

Mortality-associated PM2.5' NO2,
day 4-day lag 5-day mean
NO2, 5-day mean 0.57
03, 2-day mean 0.22 0.39

Table 2. Summary statistics for mortality, air pollutant concentrations, and weather indicators, southwest Mexico City, 1993-1995

Valid observations
Mean
Standard deviation
Minimum
Lower quartile
Median
Upper quartile
Maximum
U.S. standarda

Minimum
temperature (C)

942
9.1
3.3
-1.2
6.7
9.5
12.0
17.2

Mean
temperature (C)

942
16.5
2.4
8.3
15.0
16.7
18.0
23.3
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PM2,5
(pg/iM3)
866
27
11
4
20
26
34
85
65

03
(ppb)
901
44.04
15.66
4.09
33.67
43.71
54.21
127.07
_b

03, 1 hr
maximum

(ppb)
926
163
57
12
125
164
202
342
120

SO2
(ppb)
877
5.58
4.52
0.00
2.79
4.17
7.00
33.92
140

NO2
(ppb)
861
37.70
11.35
12.83
29.12
36.29
43.96
86.83
53

Relative
humidity (%)

932
51.6
12.3
19.0
42.8
51.9
59.8
91.0

Deaths, pollutant levels, and meterological paramaters expressed as 24-hr means except as noted; observed pollutant levels given under local conditions.
a1997 U.S. National Ambient Air Quality Standard, based on 24-hr average for PM25 and SO2, maximum 1-hr concentration for 03, and annual average for NO2.
bindicates no standard for the parameter.

rainfall
(mm)
942
2.3
6.5
0.0
0.0
0.0
1.2
73.3
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of parameters based on known relationships
between weather and mortality. Poisson
regression models fit the data well, with
overdispersion parameters typically in the
range of 1.10-1.12. As in a previous study in
Mexico City (11,22), temperature was the
strongest weather-related predictor of mor-
tality, and the death rate increased with low
temperatures, but not with high ones. Daily
mean temperatures in Mexico City fall into a
relatively narrow range, with the highest
mean daily temperatures observed during the
study period substantially lower than those
seen in such cities as Philadelphia,
Pennsylvania, and Los Angeles, California
(15,23). Consequently, we did not observe
the ascending limb of the well-known "j"-
shaped curve that describes the relationship
of temperature and mortality in temperate
areas (24).

It is also noteworthy that despite
Mexico City's reputation for polluted air,
in the study area only the level of ozone
was remarkably high by current standards.
The mean concentration of fine particles in
the study area was similar to that reported
in Steubenville, Ohio (7). While compara-
ble to those of the dirtier cities in recent
studies in the United States (7,8), the study
area's particle concentrations were substan-
tially lower than the levels observed in con-
temporary studies of Santiago, Chile, and
Sao Paulo, Brazil (25,26), and far lower
than those that existed historically in
industrial cities like London (4).

These findings from Mexico City pro-
vide further evidence that fine particles are
associated with total mortality and with

mortality among the elderly. In addition,
they are consistent with our expectation,
based on a previous study with less com-
plete information on exposure to total sus-
pended particles (11), that increases in total
mortality would be associated with increas-
ing particulate pollution, but not with
increasing ozone. Despite the substantial
differences in environmental, population,
and epidemiological characteristics between
Mexico City and other areas where the
health effects of fine particles have been
studied, our results for total mortality are
virtually identical to the 1.5% per 10 pg/m3
increase in fine particles reported in analyses
of data from the Six Cities Study in the
United States (9). Our study differs from

previous research of the relationship of fine
particles and mortality in the United States
(7-9), however, in that we employed a
time-series approach rather than a standard
cohort design.

While it is plausible that ambient ozone
might affect mortality, research on this
topic has been limited in comparison to the
abundant information available on the
effects of particulate matter on mortality.
Recent studies from the United States
(15,27), Europe (28-31), and Australia
(32) have found positive associations with
same-day ozone and ozone lagged 2 days,
with relative risks from 1.05 to 1.07 per
100 pg/m3. Most of these reports evaluated
the effect of ozone controlling for other

Table 4. Percent increase in daily total mortality, 95% confidence interval (Cl), and t-statistic associated
with a 10 pg/m3 increment in fine particles (PM25) or a 10 ppb increment in ozone, estimated by Poisson
regression controlling for temperature on the 3 days before death and smoothed periodic cycles

Pollutant Percent increase Cl t-Statistica

PM2.5
Same-day exposure 1.34 0.16-2.52 2.23
Exposure lagged 1 day -0.16 -1.33-1.02 -0.26
Exposure lagged 2 days 0.41 -0.74-1.56 0.70
Exposure lagged 3 days 0.43 -0.74-1.60 0.72
Exposure lagged 4 days 1.36 0.20-2.52 2.30
Exposure lagged 5 days 0.99 -0.19-2.18 1.65
Mean exposure during previous 5 days 1.48 -0.01-2.96 1.95
0
dame-day exposure 0.37 -0.39-1.13 0.95
Exposure lagged 1 day 0.22 -0.55-0.98 0.55
Exposure lagged 2 days 0.48 -0.28-1.24 1.23
Exposure lagged 3 days 0.04 -0.74-0.81 0.09
Exposure lagged 4 days 0.19 -0.58-0.96 0.49
Exposure lagged 5 days 0.24 -0.54-1.01 0.60
Mean exposure during previous 2 days 0.63 -0.27-1.53 1.37

All statistics adjusted for overdispersion.
ai'iNh 1 degree of freedom.

Table 5. Percent increase in daily mortality for exposure to PM2.5, NO2, and 03
Two pollutant models

One pollutant models PM2.5 + 03 PM2.5 + NO2 Three pollutant model
Percent Percent Percent Percent

Outcome change Cl t change Cl t change Cl t change Cl t

PMz5 (4-day lag)
All causes, all ages 1.36 (0.20-2.52) 2.30 1.44 (0.25-2.63) 2.37 1.33 (-0.12-2.78) 1.80 1.68 (0.23-3.14) 2.27
Age >65 years 1.58 (0.04-3.12) 2.01 1.61 (0.01-3.20) 1.98 1.81 (-0.11-3.74) 1.85 2.27 (0.32-4.21) 2.28
Respiratory causes 2.50 (-1.12-6.11) 1.35 2.64 (-1.08-6.35) 1.39 2.00 (-2.48-6.47) 0.88 1.68 (-2.88-6.24) 0.72
Cardiovascular causes 2.19 (-0.01-4.38) 1.95 2.22 (-0.04-4.48) 1.92 1.68 (-2.88-6.24) 0.72 3.42 (0.67-6.18) 2.43
Other noninjury causes 0.78 (-0.70-2.26) 1.04 0.85 (-0.66-2.37) 1.10 0.70 (-1.15-2.54) 0.74 0.86 (-1.00-2.71) 0.90

03 (mean 1-2 days previously)
All causes, all ages 0.63 (-0.27-1.53) 1.37 0.57 (-0.62-1.76) 0.94 0.73 (-0.73-2.18) 0.98
Age >65 years 0.82 (-0.39-2.03) 1.32 0.70 (-0.89-2.29) 0.86 1.10 (-0.85-3.05) 1.11
Respiratory causes -0.74 (-3.58-2.10) -0.51 -1.05 (-4.77-2.66) -0.56 -1.61 (-6.17-2.94) -0.69
Cardiovascular causes 1.76 (0.07-3.46) 2.04 2.07 (-0.19-4.33) 1.79 2.79 (0.04-5.55) 1.99
Other noninjury causes 0.30 (-0.85-1.44) 0.50 0.13 (-1.39-1.64) 0.16 0.14 (-1.72-2.00) 15
NO2 (mean 1-5 days previously)
All causes, all ages 1.14 (-0.49-2.76) 1.37 0.01 (-2.09-2.12) 0.01 -0.07 (-2.67-2.53) -0.05
Age >65 years 0.75 (-1.44-2.93) 0.67 -0.65 (-3.45-2.16) -0.45 -1.11 (-4.61-2.39) -0.62
Respiratory causes 2.32 (-2.71-7.35) 0.91 1.17 (-5.34-7.69) 0.35 0.29 (-0.29-0.87) 0.97
Cardiovascular causes 1.41 (-1.65-4.47) 0.90 -0.68 (-4.68-3.31) -0.34 -0.45 (-5.34-4.45) -0.18
Other noninjury causes 0.75 (-1.32-2.81) 0.71 0.11 (-2.57-2.78) 0.08 -0.01 (-3.32-3.30) -0.01

Estimated by Poisson regression controlling for temperature on the 3 days before death and smoothed periodic cycles.
Cl, 95% confidence interval; t, t-statistic with 1 degree of freedom. All statistics adjusted for overdispersion.
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pollutants such as black smoke or PMIO
(15,28-31), but none of them assessed the
effect of ozone independent of fine parti-
cles. Contrasting results were reported by
Kinney and Ozkaynak (20), who noted an
initial, positive association of total mortali-
ty with ozone levels in long-term studies of
ozone and mortality in Los Angeles and
New York, which was eliminated when a
term for particles was added to regression
models in subsequent analyses of the data
from Los Angeles (23).

Our finding in this study that ozone
was a significant predictor for cardiovascu-
lar mortality but not for mortality due to
respiratory causes is similar to the meta-
analysis of the APHEA project (28), but
contrasts with other studies that have
examined specific causes of death (31).
Kelsall et al. (15) reported statistically inde-
pendent associations between ozone and
total daily mortality in an analysis of data
from Philadelphia, but associations with
cardiovascular and respiratory causes did
not achieve statistical significance.

Differences in climate and the composi-
tion of the air pollution mixture may under-
lie the distinct epidemiological findings for
ozone in Mexico City. Ozone concentrations
do not show strong seasonal patterns in
Mexico City; levels are high all year, which
may lead to chronic exposure at higher levels
than elsewhere. Additionally, we found a
positive correlation of ozone and fine parti-
cles, rather than the negative correlations
typically seen in Europe and the United
States. The possibility of errors in classifying
causes of death should also be considered in
interpreting our results for cause-specific
mortality. The data we used gave only the
underlying cause of death, which may not
reflect acute mechanisms of death among
people with chronic conditions such as can-
cer. The underlying cause of death may also
be miscoded in some cases. A detailed study
of Mexico City death certificates for the
years 1991 and 1994 suggested that 12% of
deaths might be misclassified among broad
categories such as respiratory and cardiovas-
cular causes (22).

Due to the design of this study, we
could not draw any conclusions about
whether individuals dying on high pollu-
tion days had high personal exposure to
pollutants or identify mechanisms by which
air pollution might cause death. We had no
information about individual exposure or
medical status. In addition, we studied only
short-term relationships between mortality
and pollution on a daily basis and could not
observe the long-term effects of exposure to
air pollution. Nevertheless, the study's
aggregate time-series design conferred sev-
eral advantages. The need to control for

external predictors of mortality such as age,
cigarette smoking, and occupational expo-
sure is greatly reduced in a time-series study
because the distribution of these factors is
not expected to vary from day to day.

In this study, we used data from station-
ary pollutant monitors rather than personal
exposure measurements. Stationary moni-
toring data are inherently relevant because
efforts to control the adverse effects of air
pollution usually depend upon observation
and control of ambient, rather than person-
al, exposure. Nevertheless, potential dis-
crepancies between personal exposures and
ambient pollutant levels measured at sta-
tionary monitors are often a concern in
studies of this type. The magnitude of such
measurement error depends largely on the
extent to which stationary monitors reflect
pollutant levels throughout the study area,
and on differences between outdoor and
indoor exposures. Previous studies suggest
that fine particle concentrations are relative-
ly uniform within urban areas and that
indoor and outdoor levels are highly corre-
lated (33,34). In addition, indoor heating,
air conditioning, and air filtration are rare
in Mexico City, and its residents spend
more time outdoors than city dwellers in
the United States (35-37). In light of these
factors, differences between area and per-
sonal exposures to fine particles are likely to
be relatively minor. Moreover, because all
deaths on any given day are grouped and
assigned a common exposure value, the
exposure measurement error is essentially of
the Berkson type, which does not bias
observed exposure-response relationships if
it is nondifferential with respect to disease
occurrence (38).

Despite some limitations in the data
and the design of the study, our findings are
relevant for public health and air pollution
control. They suggest that urban air pollu-
tion at current levels leads to excess mortali-
ty and that these effects are present in large
cities in developing countries as well as in
Europe and North America. Fine particles
may themselves cause death, or they may be
a marker for some combination of air pollu-
tants that leads to excess mortality.
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