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Sources of Uncertainty in Results. There are several sources of
uncertainty that affected our results. First, although environ-
mental risk, demographic, and cause of death statistics in Mexico
are of high quality, there was evidence of some death underre-
porting, especially for children. Adjustment of mortality, even by
using established demographic methods, led to additional un-
certainty. In addition, causes of death may be inconsistently
recorded on death certificates because of factors such as limited
medical information at the time of death or practices of certi-
fying physicians. Second, we measured exposure to these risks
using metrics such as fuel use or ambient particulate matter
concentration rather than personal exposures to particulate
matter. This was done for two reasons: The metrics used were
consistent with both exposure metrics used in the existing
epidemiological studies that quantify relative risks and with the
available population-level exposure data. However, if the rela-
tionship between personal exposure and these metrics differs
between Mexico and the epidemiological studies, results would
be subject to error of an unknown direction. Third, although
current epidemiological studies have not established the mor-
tality effects of PM pollution below the low levels in some U.S.
communities (1), further reductions may provide benefits, if they
were technologically feasible. If mean fine particulate matter
(PM2.5) concentrations were reduced to 2.5 �g/m3 in urban areas
and mortality benefits also extend to that level, life expectancy
would increase 3.0 months (compared with 2.4 months for a
reduction to 7.5 �g/m3). Fourth, our analysis of urban PM
pollution focused on urban areas, because of the lack of data on
rural PM concentrations in Mexico. Rural PM2.5 concentrations
of 10 �g/m3, as observed in rural air quality monitoring in the
U.S. (2), would increase the life expectancy loss due to this risk
factor from 2.4 months to 2.8 months and would slightly atten-
uate its positive association with community SES. Fifth, we used
the same the proportional increase in mortality for all SES
groups. Although there is currently little evidence on whether
the relative risks for the environmental exposures analyzed in
this work vary across population subgroups, multicountry studies
of other risk factors have generally indicated that relative risks
are relatively invariable across populations (3). If relative risks
were 10% larger in the low-SES municipios, the number of
deaths attributable to these 3 exposures would increase by 6.5%
in that quintile, leading to a slightly larger disparity in attribut-
able mortality across SES quintiles. Finally, the life expectancy
estimates in this analysis are based on period life tables, which
measure the mortality experience of a synthetic population that
is exposed to the current age-specific mortality rates of the
Mexican population. Period life expectancy combines data on
current mortality rates at different ages but does not measure the
expected future mortality of individual cohorts. It also does not,
necessarily, reflect the current age structure of the population.
Because of past dynamics in fertility and mortality, the popula-
tion of the synthetic life table in Mexico is, on average, older than
the actual population.

Municipio Socioeconomic Status Index. We assigned a composite
SES score to each municipio based on average wealth and
educational attainment in the municipio. We quantified house-
hold wealth using data on housing quality and asset ownership.
Asset-based measurement of household wealth is widely used for
low- and middle-income countries for two reasons: (i) housing
quality and asset ownership are indicators of long-term wealth,

which is more relevant to health than income, which may
fluctuate from year to year, (ii) asset ownership is more robust
to common reporting biases that plague monetary income and
expenditure data (4–6). The indicators for housing quality and
asset ownership were the proportion of municipio population
who live in a home that has (i) electricity, (ii) an earth floor, (iii)
a television, (iv) a refrigerator, (v) a washing machine, and (vi)
a computer. The indicators for educational attainment were (i)
the proportion of population over age 15 who is literate, (ii) the
proportion of population over age 15 who has completed pri-
mary school, and (iii) the proportion of population over age 22
who has completed secondary school. All data were obtained in
the 2000 and 2005 censuses, and the average value for the 2
censuses was used in the analysis.

Following previous analyses of multifactor SES indices, we
used factor analysis to combine these 9 wealth and educational
variables into a single index. Factor analysis is used to find a
specified number of unobservable underlying factors that can
linearly reconstruct observable characteristics. Factor analysis
has been used widely, and has been extensively validated, for the
construction of wealth or SES indices using asset data collected
in DHS surveys (4, 6–8). The underlying assumption of the
method is that the factor that explains the largest proportion of
variance in the observed characteristics corresponds to SES,
because these characteristics are SES indicators. The index used
here was adapted from the community deprivation index devel-
oped by the National Population Council (9) and used by
Gakidou et al. (8), and was calculated by using the iterated
principal-factor method (10). The results of the factor analysis,
showing only the first 3 factors, are presented in Table S1. The
first factor is related to all of the observed characteristics in the
direction we would expect for an SES index. The second factor
may be considered to be related to urbanization or connectivity
(this factor would be low in moderately prosperous areas where
basic amenities are had by most but not secondary education or
computers). The third factor appears to load positively on wealth
variables but negatively on educational variables.

Because the first factor reasonably represents community
SES, we reanalyzed the data allowing only 1 factor. The final
model form (given only 1 factor) is:

yij � zibj � eij [1]

where yij is the value of the jth community characteristic (e.g.,
percent literate) in the ith municipio, zi is the common factor
(SES index) in the ith municipio, bj is the factor loading for the
jth community characteristic, and eij is the error term. Factor
loadings from the reanalysis are shown in Table S1.

To ensure that all analysis units had sufficient sample size to
avoid unstable mortality and life expectancy estimates, we then
iteratively combined each municipio with population �10,000
with its neighboring municipio in the same state with the
most-similar SES score until each merged municipio had a
population of at least 10,000 (as described in the main text). This
resulted in 1,458 individual or combined ‘‘municipio units’’
created from 2,454 municipios. We then found the population-
weighted average of SES for municipio units that contained �1
municipio, and classified the units into 5 quintiles of equal
population, based on mean 2000–2005 population and estimated
SES scores (Fig. S2 and Table S2). Quintile assignment was not
sensitive to exclusion of specific characteristics from the SES
index or to different computational methods (e.g., maximum-
likelihood or principal-factor methods). Analysis of mortality

Stevens et al. www.pnas.org/cgi/content/short/0808927105 1 of 11

http://www.pnas.org/cgi/data/0808927105/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0808927105/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0808927105/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0808927105/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/content/short/0808927105


effects of risk factor exposure was conducted for each merged
municipio unit.

Adjustment of Mortality Data. Valid and comparable data on
cause-specific death rates were needed to calculate mortality
attributable to each environmental risk factor. We adjusted vital
registration data for the years 2001–2005 for underreporting, age
misreporting, and cause of death comparability as described
elsewhere (11). In summary, we first corrected the distribution
of causes of death. Deaths coded to ‘‘ill-defined’’ ICD categories
were redistributed pro-rata to other causes of death following
standard Global Burden of Disease (GBD) algorithms (12).
Cardiovascular deaths assigned to ill-defined codes were redis-
tributed to ischemic heart disease by using individual-level death
records as described elsewhere (13), with a similar approach
used to ensure comparability of cause-of-death assignment to
diabetes, cardiovascular causes, and other noncommunicable
and communicable diseases (14). Because child mortality is low
in many parts of Mexico, despite combining small municipios as
described above, 65% and 54% of municipio units had �5 child
deaths from diarrhea and lower-respiratory infections, respec-
tively. To separate true variation in cause-specific mortality rates
across municipio units from stochastic variability due to small
number of deaths, we fit a spatial Poisson general additive model
(GAM) to observed deaths (R, mgcv package version 1.3). This
model spatially smoothes cause-specific death counts in propor-
tion to uncertainty calculated from frequency of observed
deaths.

We then adjusted total deaths by age, sex, and state using
standard demographic techniques to account for underrecording
of deaths in certain ages, misreporting of age on the death
certificate, and migration (15, 16). Mortality for children �5
years of age was adjusted by using interpolated mortality values
from model life tables that were selected on the basis of estimates
of probabilities of dying in childhood derived from United
Nations Manual X methods (17). Adult mortality was adjusted
at the state level and child mortality for each municipio unit.
Finally, we applied the adjusted distribution of disease-specific
deaths to the corrected total mortality figures to obtain the
corrected number of disease-specific deaths.

Calculation of the Mortality Effects of Environmental Risk Factors.
The proportional reduction in disease-specific mortality that
would be achieved by removing exposure to individual risk
factors can be estimated using the population attributable frac-
tion (PAF) relationship in Eq. 2 (18–20).

PAF �

�
i�1

n

PiRRi � 1

�
i�1

n

PiRRi

[2]

Pi is the proportion of population currently in the ith exposure
category, RRi is the relative risk of disease-specific mortality for
the ith exposure category, and n is the number of exposure
categories; n � 4 for unsafe water and sanitation and n � 2 for
solid-fuel use and urban PM pollution. In analysis of urban PM
pollution, the relative risk for the exposed group was determined
by the PM concentration in that municipio.

We also calculated the fraction of mortality attributed to the
combined effects of these risk factors. Among those people
exposed to multiple risk factors, disease-specific deaths may be
caused by the simultaneous effects of multiple exposures and
hence can be prevented by reducing exposure to any of the risks.
For example, some deaths from acute respiratory infections or
chronic obstructive pulmonary disease among urban populations
who use solid fuels may be prevented by removing exposure to
solid fuels or by improving ambient urban air quality through
other mechanisms. As a result of multicausality, the PAFs for
multiple risk factors overlap in those municipios with multiple
exposures and cannot be combined by simple addition (21). The
combined (joint) PAF that avoids double counting the overlap
of multiple risk factors is given by Eq. 3 (22):

PAF � 1 � �
i�1

n

�1 � PAFi� [3]

PAFi is the PAF of individual risk factors and n is the total
number of risk factors that affect the same disease outcome. Eq.
3 is based on specific assumptions about the correlation of the
exposures to the multiple risks and the interactions of their
causal effects as described elsewhere (22). Because all analyses
were conducted at the municipio level, and because solid-fuel use
is low in urban municipios (only 2.7% of all urban populations
used solid fuels), any deviation from these assumptions would
have negligible effects on the results of this analysis. Attributable
deaths were calculated as the product of PAF and total disease-
specific deaths for each age and sex group in each municipio.
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Fig. S1. Child mortality attributable to 3 environmental risk factors by municipio of residence and by municipio SES quintile.
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Lowest quintile

2nd quintile

Middle quintile

4th quintile

Highest quintile

Fig. S2. Municipios divided into quintiles of socioeconomic status (SES). Quintiles were constructed based on cumulative population (not count of municipios)
so there are different numbers of municipios, but the same number of people, in each quintile.
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Fig. S3. Exposure to each risk factor, by municipio. (A) Percentage of population in each municipio unit without running water, without a flush toilet, or without
either (i.e., in exposure categories ‘‘medium,’’ ‘‘high,’’ or ‘‘very high’’ in Table S4). (B) Percentage of population in each municipio unit using solid fuels for
household cooking. (C) Measured or modeled mean annual PM2.5 concentrations. Larger symbols indicate cities with measured values, and smaller symbols
indicate modeled values.
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Fig. S4. Municipio child mortality rate.
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Table S1. Community characteristic factor loadings for the first 3 factors (multiple-factor
model) and for the first factor when only 1 factor was allowed (single-factor model),
evaluated for 2000 and 2005

Community characteristic

Multiple-factor model
Single-factor

model, 1st factor1st factor 2nd factor 3rd factor

Percent � 15 years who is literate 0.89 �0.22 �0.39 0.87
Percent � 15 years who has completed

primary school
0.84 �0.19 �0.46 0.82

Percent � 22 years who has completed
secondary school

0.65 0.63 �0.04 0.61

Percent with electricity 0.58 �0.23 0.16 0.58
Percent without dirt floor 0.87 �0.20 0.15 0.87
Percent TV ownership 0.90 �0.22 0.24 0.89
Percent refrigerator ownership 0.91 0.01 0.21 0.91
Percent washing machine ownership 0.90 0.01 0.19 0.89
Percent computer ownership 0.74 0.58 �0.05 0.70

The single-factor model was used to determine community SES.
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Table S2. Distribution of the community characteristics used in the factor analysis over
quintiles of municipio SES

SES Quintile Lowest 2nd 3rd 4th Highest

Percent computer ownership 3 7 14 21 29
Percent �15 years who has completed primary school 79 89 93 96 97
Percent with electricity 88 97 98 99 100
Percent without dirt floor 61 86 94 96 98
Percent washing machine ownership 20 49 69 74 82
Percent �22 years who has completed secondary school 13 21 31 39 47
Percent �15 years who is literate 76 89 94 96 97
Percent refrigerator ownership 36 67 83 88 93
Percent TV ownership 65 90 95 97 98
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Table S3. Annual deaths by disease and age group, average over 2001–2005, Mexico

Risk factor Disease

International
classification of disease

(ICD-10) codes

Age

�5 5–29 30–59 60�

Unsafe water and
sanitation

Diarrhea A01, A03–A04, A06–A09 3,300 200 400 1,800

Indoor air pollution
from household
solid-fuel use

Lower-respiratory
infections

J10–J18, J20–J22 4,900 — — —

Chronic obstructive
pulmonary disease

J40–J44 — — 1,100 16,900

Urban PM pollution Acute respiratory
infections

J00–J06, J10–J18, J20–J22 5,300 — — —

Lung-cancer mortality C33–C34 — — 2,500 2,000
Cardiopulmonary diseases I10–I13, I20–I25, I30–I33,

I38, I40, I42, I60–I69,
J40–J44

— — 17,600 103,700

All-cause mortality 55,100 34,700 109,500 268,900

The figures show total deaths for diseases and age groups affected by the three risk factors in this analysis. Only a proportion of these deaths are attributable
to risk factors, calculated as described in SI Text.
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Table S4. Unsafe water- and sanitation-exposure categories, which are ranked based on fecal–oral transmission risk by using data on
household access to water and sanitation facilities

Exposure categories Sanitation Water

Very high No facilities Any water source
High Flush toilet in the home Water from a public tap, from a neighbor’s home, or from a river,

lake, or spring
Latrine in the home Water from a tanker truck, from a public tap, carried from a

neighbor’s home or from a well, river, lake or spring
Medium Flush toilet in the home Water from a tanker truck, from a well in the residence, or piped

water in the compound but not in the home
Latrine in the home Piped water in the home or in the compound

Low Flush toilet in the home Piped water in the home
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Table S5. Disease-specific relative risks used to estimate attributable mortality

Exposure Disease

International
classification of

disease (ICD-10) codes Relative risk Source

Medium water and sanitation risk level Diarrhea A01, A03–A04,
A06–A09

2.8 (1)

High water and sanitation risk level Diarrhea A01, A03–A04,
A06–A09

3.5 (1)

Very high water and sanitation risk level Diarrhea A01, A03–A04,
A06–A09

4.4 (1)

Use of solid fuels for home energy needs Lower-respiratory infections, children �5
years

J10–J18, J20–J22 2.3 (2)

Use of solid fuels for home energy needs Chronic obstructive pulmonary disease, adults
�30 years

J40–J44 Men, 1.8;
women, 3.2

(2)

10 �g/m3 increase in PM10 Acute respiratory infections, children �5
years

J00–J06, J10–J18,
J20–J22

1.20 (3)

10 �g/m3 increase in PM2.5 Lung-cancer mortality, adults �30 years C33–C34 1.08 (4)
10 �g/m3 increase in PM2.5 Cardiopulmonary diseases, adults �30 years I10–I13, I20–I25,

I30–I33, I38, I40, I42,
I60–I69, J40–J44

1.06 (4)
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