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Summary
Background The characterisation of individual exposure to air pollution in urban scenarios is a challenge in
environmental epidemiological studies. We investigated if the city’s pollution monitoring stations over or underes-
timate the exposure of individuals depending on their socioeconomic conditions and daily commuting times.

Methods The amount of black carbon accumulated in the lungs of 604 deceased who underwent autopsy in São Paulo
was considered as a proxy for PM10. The concentrations of PM10 in the residence of the deceased were estimated by
interpolating an ordinary kriging model. These two-exposure metrics allowed us to construct an environmental
exposure misclassification index ranging from −1 to 1. The association between the index and daily commuting,
socioeconomic context index (GeoSES), and street density as predictors was assessed by means of a multilevel
linear regression model.

Findings With a decrease of 0.1 units in GeoSES, the index increases, on average, by 0.028 units and with an increase
of 1 h in daily commuting, the index increases, on average, by 0.022 units indicating that individual exposure to air
pollution is underestimated in the lower GeoSES and in people with many hours spent in daily commuting.

Interpretation Reduction of health consequences of air pollution demands not only alternative fuel and more efficient
mobility strategies, but also should include profound rethink of cities.
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Introduction
Adequate exposure characterisation is a critical aspect in
studies aimed to assess the health effects of airborne
contaminants. Epidemiological studies generally use
environmental data on air pollutant levels at home ad-
dresses obtained from fixed monitoring stations to es-
timate the exposure of individuals. One major limitation
of this procedure is that fixed monitors, that in general
are sparsely sited and have low spatial resolution,1,2
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cannot directly capture the pollutants concentration
over the “activity space” of the urban dwellers that may
receive significantly different doses of air pollutants
according to their mobility patterns, near-home sources,
housing conditions and occupational activities. This can
lead to an over- or underestimation of the actual
exposure.3–5 Personal air pollution monitoring devices3,6

and smartphone-based mobility registries5,7–9 have been
used to better evaluate the individual exposure and
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Research in context

Evidence before this study
The determination of precise exposure to air pollution is a
significant challenge in human epidemiological studies
particularly in the urban scenario. Urban dwellers may receive
different doses of air pollutants based on their occupational
activity, mobility patterns, near-home sources and housing
conditions. Even studies that employ precise personal
monitoring devices may have limitations in the number of
individuals evaluated, as well of the time of measurements
that usually does not exceed few days. Thus, quantifying
long-term individual exposure is still a significant problem,
especially in individuals living in the vulnerable areas of the
large urban conglomerates.

Added value of this study
To our knowledge the present study was the first of study
quantitative estimate the influence of socioeconomic

vulnerability on chronic exposure misclassification to airborne
pollutants in urban dwellers using a large autopsy data. Our
findings add strength to the evidence that underprivileged
individuals of a large South American Metropolis have a
higher exposure to air pollution. Exposure bias was
significantly associated with longer commuting hours, due to
socioeconomic spatial segregation within the territory which
increases distance from home and jobs.

Implications of all the available evidence
Our findings indicate that exposure misclassification is not a
spatially random event but is highly influenced by
socioeconomic determinants. Results indicate that the
reduction of health consequences of air pollution demands
not only alternative fuel and more efficient mobility
strategies, but also should include profound reshape of cities.
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reduce exposure misclassification. Despite of that, the
direct quantification of long-term exposure misclassifi-
cation deserves further clarification, especially in in-
dividuals living in the vulnerable areas of the large
urban conglomerates.

Additional challenges in urban air pollution studies
refer to the difficulties in disentangling the complex
relationship between socioeconomic status and health
effects associated to air pollution exposure. Socioeco-
nomic status may interfere with the vulnerability to
urban air pollution in different ways. Low-income peo-
ple generally spend more time exposed in traffic during
commuting or live in areas with higher levels of con-
taminants in the air, thus increasing exposure.10,11

Furthermore, higher incidence of co-morbidities,
nutritional deficiency, less access to information and
education as a result of lack of economic resources
imposes an increased vulnerability.12,13 Thus, it is highly
probable that both factors – higher dose and greater
vulnerability - are interconnected.14

Socio-economic vulnerability to air pollution is an
important global health problem15 since higher ambient
concentration of air contaminants are observed in
countries with lower economic conditions. In addition,
probably the interaction between exposure to air pollu-
tion and social vulnerability is more prone to occur in
cities with marked socioeconomic variation within their
boundaries. São Paulo and other large Latin American
cities are examples of this situation, but studies on this
aspect are somewhat scarce in Latin America. An
elegant review paper conducted by Hajat et al.16 identi-
fied no studies conducted in Latin America, probably as
consequence of paucity of adequate air pollution mea-
surements in the region. In a recent timely study,
Gouveia et al.17 identified eight articles addressing the
role of socio-economic vulnerability with higher
exposure level to airborne pollutants, all of them using
indirect estimates of exposure such as distance to the
monitor, interpolation by "kriging" or near home traffic
density. Considering the high level of social and eco-
nomic contrasts of large Latin America urban centres,
the evaluation of the magnitude of socioeconomic in-
fluence on air pollution exposure is an important urban
health topic to be addressed in this area to propose
public policies aimed to reduce the adverse health ef-
fects promoted by airborne pollutants.

São Paulo is a 12 million inhabitant city with a
circulating fleet about 7.2 million vehicles. Currently, its
citizens are exposed to an average annual concentration
of 15 μg/m3 of PM2.5, mostly generated by vehicular
emissions.18,19

The city combines remarkable socioeconomic in-
equalities,20 genetic admixture and high-quality data and
could be considered a life laboratory for urban policies
aimed to promote urban health, particularly
transportation-based policies. From a global perspective,
São Paulo is not among the most polluted cities in the
world but ranks 5th in the most congested cities,21

increasing the dose of air pollution that its residents are
exposed to. Like the large Latin America cities, São Paulo
experienced sharp population growth in the last decades.
This context resulted that a significant fraction of its
population lives in areas with sanitary and economic
vulnerabilities and is submitted to longer commuting
hours to access their jobs inside traffic lanes.

In 2019, Takano et al.22 used pulmonary accumula-
tion of black carbon (anthracosis) in human lungs ob-
tained from a sample of 413 deceased who underwent
autopsy in São Paulo as an individual estimator of long-
term exposure to airborne particles. Briefly anthracosis –
originally described in coal miners – are small areas of
pulmonary fibrosis induced by chronic particle
www.thelancet.com Vol 22 June, 2023
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inhalation, which are visible in the pulmonary paren-
chyma and pleura as black spots of black carbon. The
authors demonstrated that there is a robust negative
association between the black carbon fraction and the
socioeconomic index.

Considering the well-known findings that black car-
bon penetrates and is retained in the lungs, and it has a
positive association with the exposure to air pollution23,24

we moved forward in this topic and quantified the black
carbon accumulation in the lungs of additional indi-
viduals who underwent autopsy in São Paulo, making it
possible to build a high resolution dosimetric study on a
citywide scale. To our knowledge, such an approach was
not hitherto conducted to such an extent. Moreover, we
construct an index that reflects, for each deceased, the
difference between the black carbon measured in his
lung and the estimated dose at his residence based on
the data of fixed air pollution monitoring stations, that
is, an index of environmental exposure misclassifica-
tion. Based on this index we investigated if the city’s
pollution monitoring stations over or underestimate the
exposure of individuals depending on their socioeco-
nomic conditions and daily commuting times. Such
result may indicate the need for marked improvements
in the methods used to assess personal environmental
exposures.
Methods
Determination of spatial variation of aerosol
concentrations and emissions based on monitoring
and modelling
Air pollution monitoring system
The public environmental agency of São Paulo State
(CETESB) has a network with 25 monitoring stations in
the metropolitan area of São Paulo (MASP) with the
availability of PM10 daily concentration data covering
2005 until 2016, the period preceding the autopsies. All
the 25 monitoring stations were included in the study.
The stations that are in MASP, but outside the munic-
ipality of São Paulo were considered in order to obtain a
more accurate exposure assessment on the boundary of
the city. We joined data from close monitoring stations
(Guarulhos station had been relocated twice around less
than 1 km far, featuring PM10 monitoring data from
2005 to 2009 in the initial location, from 2012 to 2015 in
the second location, and from 2016 in the last location;
Santo André station had been relocated once around
less than 1 km far, featuring PM10 monitoring data from
2005 to 2007 in the initial location and from 2009 to
2016 in the last location), discarded information from
stations with a small amount of data (Cambuci station
featuring PM10 monitoring data from 2005 to 2008, and
Centro station featuring PM10 monitoring data from
2005 to 2009, since both were near Parque Dom Pedro
station with data from 2005 to 2016), and calculated in a
first step, a monthly average concentration along the 12
www.thelancet.com Vol 22 June, 2023
years and, in a second step, an average of such monthly
averages. This procedure avoids a bias on its seasonal
behaviour when the time series present many missing
data distributed along the period. The long period of
averaging (12 years) was considered because pulmonary
anthracosis reflects long-term exposure. PM10 data were
employed as indicator of exposure to urban particles
because there are many air quality stations monitoring
this pollutant and because its association with PM2.5 in
São Paulo (PM2.5/PM10 ratio of 0.6).

In parallel, we created a project in a Geographic In-
formation System (ArcMap 10.8.1) to estimate PM10

concentrations at the residence of the deceased by
interpolating an ordinary kriging model of the concen-
trations of particles determined by the network with 25
monitoring stations of the MASP. Kriging is a geo-
statistical method for interpolation based on statistical
models that include autocorrelation. Kriging is most
appropriate when there is a spatially correlated distance
or directional bias in the data. Thus, we performed an
autocorrelation analysis before kriging.25

Determination of individual variation of inhaled dose of black
carbon based on autopsy studies
This part of the study was conducted at the Death
Verification Service of São Paulo (DVSSP) from
February 2017 to January 2019. In DVSSP, the body is
claimed by a next of kin (NOK), who signs a consent
form to participate in the study. The deceased must
meet the inclusion criteria: i) have died by natural
death; ii) age equal to or greater than 18 years; iii)
living in São Paulo at the time of death; iv) have a close
family member/caregiver to provide reliable and
complete information during the interview and v)
present no macroscopic alterations of the lungs.
Following this procedure and upon acceptance, the
NOK was interviewed to provide information about the
deceased. A convenience sample of cases satisfying
these criteria was included in the study. The ques-
tionnaire included questions about age, previous
health conditions, residential address, life habits,
smoking status, occupation at time of death, time of
residence in São Paulo and daily time spent
commuting. The daily time spent commuting was
evaluated by the question: How long did the deceased
used to take to go from home to work? When the
deceased, depending on his occupational activity,
remained exposed to traffic during all his work shift,
we adjusted his exposition by adding 8 h to his daily
commuting time. The questionnaire also contained
questions about smoking habits and a deceased could
be classified as non-smoker, current smoker, or former
smoker. There was also a specific question about
environmental tobacco smoke exposure at home, that
is, it was considered that a smoker, or former smoker,
could be exposed to an additional burden of tobacco if
he lived with a smoker (ETS at home).
3
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Parallel to the clinical assessment, an autopsy in
which a macroscopic analysis of all body organs is carried
out and permits to collect of lung images, as previously
described.22 In summary, we collected a total of four
pictures from the flattened surface of the lungs of each
included death (upper and lower lobes of both lungs).
The areal fraction (AF) of pleural anthracosis (black car-
bon spots) was estimated by the point test system using
the ImageJ software. For each of the four lobes, points on
black patches (BP) and in the clean pleura (CP) were
counted. Then, for each lung lobe the AF was determined
as: AF = number of BP/(number of BP + number of CP).
The black carbon deposition is directly measured on the
lung surface and was used to estimate individual lifetime
exposure to inhaled particles.

Socio-economic index
Area-based studies show that the socioeconomic condi-
tions of places also affect people’s health.26 Thus, un-
derstanding which characteristics of the socioeconomic
environment most explain health conditions is a pressing
issue. In this study we considered the Socioeconomic
Index of Geographic Context for Health and Social
Studies (GeoSES).20 GeoSES synthesizes the most rele-
vant socioeconomic dimensions to contextualize health
for research purposes, to evaluate and monitor in-
equalities, and to develop resource and service allocation
strategies: education, income, poverty, wealth, residential
segregation, mobility, and material deprivation. For the
extraction of this index, the addresses of all the deceased
were geocoded and the values of the variables that
compose it were obtained from the data of the 2010
Brazilian Demographic Census, the last Census carried
out in the country, in the corresponding sample areas.
GeoSES varies between −1, that indicates the worst so-
cioeconomic context of the city, and 1, the best context.

Street density
Using ArcMap 10.8.1, with the shapefile of streets, a
raster file was generated around each recorded address
and the values of street density given by the total
number of linear meters of streets divided by the area
(m/m2) in a buffer distance of 100 m were extracted.

Exposure bias and its relationship with socio-
economic variables
Environmental exposure misclassification index
Our environmental exposure misclassification index
(IEEM) was constructed to reflect the bias introduced in
the individual exposure to air pollution when only the
concentrations of particles, as determined by the fixed
monitoring stations are considered and the daily activ-
ities, mobility patterns and residence surroundings
characteristics are not considered. With this purpose,
for each subject, we first compute the average carbon
deposit in the four lobes of the lungs. To obtain the
amount of black carbon not explained by personal
characteristics, we fit a beta regression model,27 with
logit link function, considering the average black carbon
as the response variable and age, residence time in the
municipality, smoking habits and environmental to-
bacco smoke as predictors. The models were fitted via
the betareg function from the betareg library in R. The
difference between the observed average black carbon
and the predict value by the regression model corre-
sponds to the standardised pulmonary black carbon.
The individual values of the standardised pulmonary
black carbon, as well as the estimated PM10 concentra-
tions at the residences were independently ranked from
1 to N, the number of individuals in the sample. If the
official monitoring network estimated PM10 concentra-
tions actually reflects individual lifetime exposure to
inhalable particles, it is expected that a given individual
has similar ranks in the two sets of measurements.
Thus, a possible index of environmental exposure
misclassification (IEEM) can be defined as:

IEEM= (rank of standardised pulmonary black carbon –

rank of estimated PM10 concentration)/(N-1) (1)

where (N-1) is a factor scale introduced so that IEEM
ranges between −1 and 1. An individual IEEM value
equal to 0 indicates absence of exposure misclassifica-
tion; an IEEM value less than 0, suggests that the PM10

monitoring network overestimates the standardised
pulmonary black carbon of the individual; if it is larger
than 0, there is a suggestion of underestimation. It is
important to note that the concentrations of the pol-
lutants black carbon and PM10 are comparable, because
the black carbon is part of the PM10 composition and
both in São Paulo are related to traffic emissions ac-
cording to official inventory from the CETESB and to
many studies that have shown the sources of the PM in
São Paulo.18,19

Association between exposure bias and socio-
economic index
Considering that GeoSES was evaluated on the sample
areas and not at the individual level, the association be-
tween IEEM and daily commuting, socioeconomic index,
and street density in a buffer of 100 m around the address
of his/her residence as predictors was accessed by means
of a two-level linear model with randomly varying in-
tercepts.28,29 The model was fitted using the restricted
maximum likelihood method via the lmer function from
the lme4 library in R software. To test the hypothesis that
the variance of random effects is equal to zero we applied
the likelihood ratio test as described in Stram and Lee.30

An analysis of the residuals was performed to check
whether the assumptions of the model were valid.31

Ethics statement
This study was approved by the Research Ethics Com-
mittee of University of São Paulo (number 537195). All
www.thelancet.com Vol 22 June, 2023
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the participants gave their consent to participate in the
survey.

Role of the funding source
The funder of the study played no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results
The anthracosis was measured in the lungs of 604 in-
dividuals whose characteristics are summarized in
Table 1. The median of the variable “proportion of
lifespan living in São Paulo” is 0.76, that is, at least half
of the deceased spent more than 0.76 of their lives in
São Paulo. The maximum observed PM10 concentration
is lower than the maximum value established by the
Brazilian Environmental Agency (40 μg/m3). However,
the minimum observed PM10 concentration is much
higher than the value recommended by WHO32 air
quality guidelines (20 μg/m3). GeoSES assumes its
extreme values, −1 and 1, but more than 50% of the
deceased are concentrated in the negative values of the
index, that means the worst relative socioeconomic
context of the city.

The spatial distribution of the monitoring stations, as
well as of the socioeconomic index GeoSES are depicted
in Fig. 1a.

The fit of the beta regression model showed that the
number of years living in São Paulo and environmental
tobacco smoke do not have significant additional contri-
bution to age and smoke to explain the amount of black
carbon in the lung (p = 0.70 and p >0.99, respectively).
These variables were dropped from the model, one by
one. The standardised pulmonary black carbon was then
computed, and the histogram depicted in Fig. 2 repre-
sents approximately its distribution. Their values ranged
from −0.259 to 0.463 (mean = 0.000, standard devia-
tion = 0.127). Individual with negative values of this
variable have smaller amount of black carbon in their
Variable Mean StDev Mini

Age (years) 68.6 15.1 19

Sex (Male)

GeoSES −0.24 0.36 −1

Years living in São Paulo 49.3 20.7 0.0

Proportion of lifespan living in São Paulo 0.73 0.28 0.0

Daily commuting (hours) 1.8 2.6 0

Smoker or former smoker

ETS at home

Black carbon fraction 0.20 0.14 0.0

Street density (m/m2) 0.02 0.01 0.0

PM10 (μg/m3) 34.4 0.91 30.5

StDev: standard deviation; IQR: interquartile range; GeoSES: socioeconomic index; ETS: e
100 m around home.

Table 1: Descriptive summary of the variables evaluated in the 604 deceased

www.thelancet.com Vol 22 June, 2023
lungs than what is expected for individuals with the same
age and smoke status. Positive values correspond to the
inverse situation. Fig. 1b represents its spatial distribu-
tion, as well as the monitoring network in the city and
neighbouring municipalities. It can be seen in this figure
that the highest positive values of the standardised pul-
monary black carbon were observed in the peripheral
region of the city.

The observed values of the index of environmental
exposure misclassification (IEEM) ranged from −0.94 to
0.88, mean equal to 0.00 (standard deviation = 0.42) and
its distribution is represented in Fig. 3.

The scatterplots of the standardised pulmonary black
carbon and GeoSES and of the IEEM and GeoSES are
depicted in Figs. 4 and 5, respectively. A decreasing
trend can be observed in both graphs. In fact, the
Pearson’s correlation coefficient between the stand-
ardised black carbon and GeoSES is r = −0.127)
(p = 0.0017) and between IEEM and GeoSES is r = 0.261
(p < 0.0001).

Table 2 summarises the fixed effects estimates ob-
tained in the fitting of the multilevel regression model
considering the IEEM as response variable. GeoSES and
daily commuting have significant contribution to
explain the IEEM. For individuals with the same daily
commuting and the same street density around their
residences, those with lower GeoSES tend to have a
higher IEEM value. This means that the amounts of
carbon in their lungs are greater than the expected when
considering the estimated PM10 concentrations ob-
tained from the monitoring network for the regions
close to their home. The index also tends to increase
with the increase in daily commuting hours, keeping
the other predictors constant. The street density does
not have significant contribution to explain the index.
The estimate of the variance of the random effects is
0.071, that is significant (p < 0.0001). The residual
analysis did not indicate gross deviations from the
model assumptions.
mum Median Maximum IQR N %

69 110 23

319 52.8

−0.31 1 0.48

8 50 103 22.8

01 0.76 1 0.41

1 12 2

312 51.6

197 32.6

01 0.181 0.696 0.193

0 0.02 0.04 0.01

34.5 39.2 1.1

nvironmental tobacco smoke exposure; Street density: street density in a buffer of

who underwent autopsy and environmental factors.

5
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Fig. 1: a) Spatial distribution of the GeoSES index in São Paulo; b)
Spatial distribution of the standardised pulmonary black carbon in
São Paulo city and the 25 monitoring stations in the metropolitan
area of São Paulo (MASP).
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Discussion
In our study, we assessed lifetime exposure to ambient
particles by determining the amount of accumulation of
black carbon in the pleural tissue of deceased in-
dividuals living in São Paulo. Data obtained for each
individual was plotted in the site of their residence. We
observed that the higher levels of accumulation were
observed in individuals residing in the most peripheral
areas after adjustment for age, residence time in the city
and smoking. When these data are plotted on maps, we
observed a clear overlap of higher particulate air pollu-
tion burden of exposure and lower socioeconomic
context, using the GeoSES index. Our findings corrob-
orated with previous studies15 and indicate that those
living in the areas of São Paulo with lower socioeco-
nomic levels are exposed to higher concentration of
airborne particulate pollutants. The comparison be-
tween the measures of pleural black carbon accumula-
tion and the long-term estimate particle at local of
residence (based on São Paulo’s fixed air pollution
monitoring stations) disclosed a non-random misclas-
sification. Briefly, individuals living in the more
economically deprived areas of the city have a greater
accumulation than that would be expected by the con-
ventional air pollution fixed stations and vice versa.
These findings support the concept that daily
commuting and socioeconomic factors are important
sources of exposure misclassification. Indeed, the pre-
vious literature using personal monitors confirm that
the levels of air pollution inside traffic corridors are
substantially higher than citywide average.7,33 Thus, our
results which were based in pleural black carbon accu-
mulation – a long term process – are in agreement with
those based on personal monitors, providing further
evidence to the concept that time spent in traffic is an
important determinant of air pollution exposure in the
urban scenario.

Different studies highlighted that there is a large
degree of variability between exposure assessed by
ambient PM concentration and personal exposure,
indicating that ambient concentrations measured by
fixed monitoring station data near residence is not a
good surrogate. In this context Gouveia et al.17 pointed
out for the necessity for studies with a better exposure
assessment to quantify the exposure bias in Latin
America. Boomhower et al.34 conducted a meta-analysis
to determine source of bias in epidemiological studies
related to short term exposure assessment to PM2.5, and
they found that there is a potential exposure misclassi-
fication when ambient measurements of PM2.5 are used
as a surrogate estimate for individual exposure. More-
over, they point out that there is a large heterogeneity in
concentrations between individual ambient PM2.5 ex-
posures, indicating the importance of considering vari-
ables that modify exposures such as tobacco use, season,
occupational activity, daily mobility, and others. A recent
meta-analysis conducted by Chen et al.8 examined
personal-ambient variability in black-carbon concentra-
tions e demonstrated moderate correlations between
ambient and personal exposures.

Unfortunately, we do not have data to explore if street
density has an interaction with poor housing. It is
plausible the precarious constructions as those that exist
in urban slums are, theoretically more permeable to
outdoor air toxicants.35 A recent study conducted by Lu36

also found that exposure assessed by residential levels
underestimated by 13% (range 5–22%) the real expo-
sure. He found that exposure estimation misclassifica-
tion is strongly influenced by particle concentrations
www.thelancet.com Vol 22 June, 2023
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Fig. 2: Histogram of the standardised pulmonary black carbon.
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and time spent at residence and workplace, and
mobility.

Using personal monitors to determine individual
exposure to air pollutants, Manojkumar et al.37 showed
that the period of the day, location in the city, and way of
commuting, time spent in traffic influence exposure
dose to air pollutants. The importance of mobility ac-
tivities as modulator of air pollution load was previously
demonstrated in an autopsy study with 413 deceased
conducted in São Paulo,22 showing that the amount of
black carbon retained in pulmonary tissue is signifi-
cantly modified by routine commuting profile. In fact,
poverty and longer commuting hours are highly cor-
related,38 due the spatial disconnection between the
Fig. 3: Histogram of the index of environm

www.thelancet.com Vol 22 June, 2023
low-income areas with high job opportunities from sites
with more affordable housing.

Our study has limitations that need to be clearly
exposed. First, we used the network of air pollution
monitoring that exists in São Paulo, which has a lower
spatial density of stations in the less privileged parts of
the city. Such situation may implicate that the precision
of the estimates based on fixed stations does not have
the same spatial precision. We did not have ways of
avoiding this question which is structural of São Paulo
and mirrors as well all the general uneven distribution
of several urban equipment – health, housing, education
– presented by the Municipality. We also did not have
information on the type of solid fuels indoors. Although
ental exposure misclassification (IEEM).

7
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Fig. 4: Scatterplot of the standardised pulmonary black carbon and the socioeconomic index (GeoSES).
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it is expected that woodstoves may be more frequently
used in poorer areas, this probably did not interfere
significantly with our findings, since its use in the urban
areas is not frequent in Brazil.39 However, it was
empirically observed that during COVID-19 pandemic,
due to its economic consequences, the use of solid fuel
has apparently increased, but no data are still available
for São Paulo and, moreover, the period considered in
this study is prior to that of the pandemic. We must
stress that we did not measure the complex mixture of
urban pollution in the lungs of our patients, but only
black carbon, which represents a fraction of the fine
mode urban particulates. Thus, our results did not
capture other compounds such as organics particles and
gaseous pollutants. Moreover, the interpolation method
Fig. 5: Scatterplot of the index of environmental exposure misc
used to estimate the PM10 concentrations at deceased’s
residences from the fixed monitoring stations did not
consider factors that affect the concentrations of PM10,
such as wind speed/direction and topographic condi-
tions. We must stress also that the GeoSES is not an
individual index, but an area-based measurement of
social conditions. Finally, it was not possible to validate
the misclassification environmental exposure index
because we are not aware of other ways to assess indi-
vidual long-term exposure to atmospheric particles.

The underestimation of the exposure to air pollution
in the socioeconomically vulnerable population is a sit-
uation that may also occur in other South American
urban conglomerates. Previous studies of our group also
reported that poverty is significantly associated with
lassification (IEEM) and the socioeconomic index (GeoSES).

www.thelancet.com Vol 22 June, 2023
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Term Coefficient Standard
error

t-value P-value

Intercept −0.171 0.048 −3.591 0.00036

GeoSES −0.277 0.053 −5.244 <0.0001

Daily commuting
(hours)

0.022 0.005 4.205 <0.0001

Street density
(m/m2)

3.374 2.193 1.539 0.12

GeoSES: socioeconomic index; Street density: street density in a buffer of 100 m
around home.

Table 2: Fixed effects estimates obtained in the fitting of the
multilevel regression model with IEEM as response variable and daily
commuting, GeoSES, and street density as predictors.
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higher mortality rate due to chronic diseases.20,40 The
solutions for solving health consequences of the com-
plex association between higher pollution exposure and
higher health frailty are not easily obtained and demand
integrated policies combining better access to health,
improvement of housing conditions, more efficient
mobility modes and more even jobs distribution in the
urban territory.
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