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A B S T R A C T

Background: There is evidence that exposure to traffic-related air pollution is related to the incidence of and
mortality associated with lung cancer. The aim of this study was to perform a spatial analysis, with a Bayesian
approach, to test the hypothesis that high traffic density is associated with increased respiratory tract cancer
incidence and mortality risk among individuals over 20 years of age residing in the city of São Paulo, Brazil.
Methods: We employed data from two different databases: the São Paulo Municipal Population-Based Cancer
Registry (2002–2011 cancer incidence data); and the Mortality Database of the São Paulo Municipal Health
Department (2002–2013 cancer mortality data). The relationships between the number of cases of respiratory
tract cancer in each area analyzed and the standardized covariates—traffic density and the Municipal Human
Development Index (MHDI)—were evaluated with a Besag–York–Mollié ecological model with relative risks
(RRs) estimates.
Results: Per 1-unit standard-deviation increase in traffic density and in the MHDI, the RR for respiratory tract
cancer incidence was 1.07 (95% CI: 1.02–1.13) and 1.25 (95% CI: 1.18–1.32), respectively, whereas the RR for
mortality was 1.04 (95% CI: 0.99–1.09) and 1.23 (95% CI: 1.16–1.30), respectively.
Conclusion: Our findings support the hypothesis that residing in areas with high traffic density is associated with
increased respiratory tract cancer incidence and mortality risk in the city of São Paulo.

1. Introduction

According to the World Health Organization (WHO), there were
approximately 3.7 million deaths attributable to environmental air
pollution in 2012, 88% of those deaths occurring in low- or middle-
income countries and approximately 6% being from lung cancer [1]. In
an estimate of the patterns of cancer incidence and mortality in 40
European countries in 2012, lung cancer was found to be the fourth
most common type of cancer, with 410,000 new cases, and the leading
cause of death from cancer, with 353,000 deaths [2]. According to the
Brazilian National Cancer Institute, there were an estimated 17,330 and
10,890 new cases of tracheal, bronchial, or lung cancer among men and
women, respectively, in Brazil in 2016, corresponding to an estimated

incidence of 17.49 cases/100,000 men and 10.54 cases/100,000
women [3].

Although smoking is considered a potential risk factor for lung
cancer, exposure to environmental carcinogens has been associated
with the occurrence of the disease. The International Agency for
Research on Cancer (IARC) has stated that there is strong evidence that
diesel engine exhaust is carcinogenic to humans, therefore classifying
its constituents as Group 1 carcinogens [4]. The IARC subsequently
concluded that exposure to elevated levels of outdoor air pollution,
especially particulate matter, increases the risk of lung cancer, being
both classified as carcinogenic to humans (Group 1) [5].

There is evidence of associations between exposure to traffic-related
air pollution and various health outcomes, as outlined in a review study
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conducted by the Health Effects Institute [6], which identified the zones
of exposure to such pollution as areas located 300–500m from a major
road. A number of studies have found that long-term exposure to par-
ticulate matter or other constituents of traffic-related air pollution
correlates with the incidence of lung cancer [7–13], as well as with the
associated mortality [14–20].

Most studies that have addressed the impacts of air pollution and
the occurrence of cancer have been cohort studies, few studies having
performed spatial analyses to investigate associations between the two
[21,22]. Within a spatial analysis, the use of Bayesian modeling has
been shown to be an effective tool for mapping diseases, providing
more accurate risk estimates, using a combination of covariate data and
a set of spatial random effects to model any overdispersion or spatial
correlation in the disease data [23–25]. Therefore, the objective of this
study was to perform a Bayesian analysis to test the hypothesis that the
incidence of and mortality related to respiratory tract cancer are higher
in areas with higher traffic density in the city of São Paulo, Brazil.

2. Methods

2.1. Study site

The city of São Paulo occupies an area of 1,521.11 km2 and has a
population of approximately 12 million [26]. The vehicle fleet is the
main source of air pollution, 8.4 million registered vehicles circulating
daily on the 18,000 km of roads in the city, which are denser in the
central region [27].

This study used the operational division of the city, into 310
weighting areas, established by the Brazilian Institute of Geography and
Statistics. Each weighting area, in turn, is a geographic unit formed by a
grouping of census areas for the application of procedures to calibrate
the weights in order to produce estimates consistent with known in-
formation related to the population as a whole. To provide validity in
the estimates, it is necessary to include a certain number of residences
and residents. Therefore, the minimum size of a weighted area was
defined as 400 occupied households [28].

2.2. Identification of cases

Data were obtained from two different databases: the São Paulo
Municipal Population-Based Cancer Registry (for 2002–2011 cancer
incidence data); and the Mortality Database of the São Paulo Municipal
Health Department (for 2002–2013 cancer mortality data). The study
included all cases meeting the International Classification of Diseases
(ICD-10) criteria for malignant neoplasms of the respiratory system—-
code C32 (malignant neoplasm of larynx), C33 (malignant neoplasm of
trachea), or C34 (malignant neoplasm of bronchus and lung)—and
occurring in individuals over 20 years of age. This age cut-point is
justified by the fact that we considered that individuals had been ex-
posed to air pollutants from birth, with a minimum latency period of 20
years. Previous local studies [7,29] found a correlation between air
pollution and neoplasms of larynx and lung in São Paulo proving evi-
dence for the inclusion of neoplasms of larynx and trachea in addition
to lung cancer.

In the incidence database, a total of 15,435 records were geocoded
by the address of the individual, 15,411 (99.84%) corresponding to
cancers of the respiratory tract in the age group under study. Of the
cases evaluated, 21.43%, 0.37%, and 78.20% met the criteria for di-
agnoses corresponding to the ICD-10 codes C32, C33, and C34, re-
spectively. In the mortality database, a total of 19,513 were geocoded
by postal code. Of those, 19,500 (99.93%) were cases of respiratory
tract cancer in individuals over 20 years of age, diagnoses corre-
sponding to the ICD-10 codes C32, C33, and C34 accounting for
15.16%, 0.24%, and 84.60%, respectively. Postal code contains
equivalent geographic information for the purposes of exposure as-
signment using weighting areas. We used the existing set of

georeferenced points within the city of São Paulo (Multispectral, São
Paulo, Brazil) and the ArcGIS software, version 9.3 (Esri, Redlands, CA,
USA).

2.3. Evaluation of exposure

Traffic density for the year 2008 was used as the exposure variable.
The databases for traffic volume on the roadways of the city of São
Paulo were constructed with data obtained from the São Paulo
Department of Transportation, which counts vehicles on various streets,
and complemented with traffic data for 681 streets evenly distributed
throughout the city, vehicle counts being obtained with the same
method used by the Department of Transportation: no counts were
made near traffic lights or when traffic was stalled. Roadways on which
no actual counts were obtained were assigned counts based on the
mean values determined for each function: expressway, arterial-1, ar-
terial-2, arterial-3, collector-1, collector-2, and local [30].

The Municipal Human Development Index (MHDI) for the year
2010 was used as an indicator of socioeconomic status. In calculating
the MHDI, we grouped its three components (longevity, income, and
education) by geometric mean, according to the calculation metho-
dology of the United Nations Development Programme [31], to gen-
erate an indicator of development, which ranges from 0 to 1. For the
longevity component, we used data referring to mortality in the city for
the triennium 2009–2011, obtained from the São Paulo Municipal
Health Department. For the income and education components, we
used data from the 2010 census [28].

2.4. Statistical analysis

Using a Besag–York–Mollié ecological model [32], we evaluated the
relationships that the standardized covariates (traffic density and
MHDI) had with the number of new cases of respiratory tract cancer, as
well as with the number of associated deaths, in each weighting area. In
the likelihood estimation, a Poisson distribution was used. To express
the results in terms of relative risk (RR), we included the logarithms for
the expected number of new cases and the expected number of deaths,
respectively, obtained by indirect standardization [32]. The collinearity
between covariates was measured in terms of the Variance Inflation
Factor (VIF), using a threshold of 3 [33]. We used vague priors for the
fixed effects (vague normal=N(0, 0.001)), whereas the priors for the
accuracy of the logarithms for the structured and unstructured residuals
were given by the log-gamma (lognormal= 1, 0.5), as previously de-
scribed [34]. We also built an intercept-only model—equivalent to the
previous one but without covariates—to estimate the crude RR for each
area and to make a visual comparison between the estimates provided
by the two models. The fit of the two models was compared on the basis
of the deviance information criterion (DIC). The analyses were made in
the program R, version 3.4.2 [35], using the integrated nested Laplace
approximation (INLA) packages 17.06.20 [36], INLAOutputs, version
1.2.7 [37], ggplot2, version 2.2.1 [38], and ggsn, version 0.4.7 [39].

3. Results

The total traffic density and the MHDI values for the city of São
Paulo are shown in Fig. 1. The roadways and traffic are considerably
more dense in the central region of the city, areas of low and very low
traffic intensity being seen in its extreme northern, eastern, and
southern regions. The socioeconomic indicator (MHDI) also showed
higher values in the central regions. However, in some regions, affluent
areas are adjacent to poorer areas.

Table 1 shows the modeling results for the incidence of and mor-
tality associated with respiratory tract cancer. Collinearity was not
considered problematic because the VIF for the traffic density and
MHDI was 1.29 (incidence) and 1.31 (mortality). In the analysis of the
incidence of respiratory tract cancer, the ecological model had a better
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fit (DIC=2267) than did the intercept-only model (DIC= 2292) and
both covariates were identified as risk factors. For each 1-unit standard-
deviation increase in traffic density and in the MHDI, the incidence
increased by 7% and 25%, respectively. In the analysis of the mortality
associated with respiratory tract cancer, the ecological model also
presented a better fit (DIC=2369) than did the intercept-only model
(DIC= 2392). For each 1-unit standard-deviation increase in traffic
density and in the MHDI, the associated mortality increased by 4% and
23%, respectively. The effect of traffic density was marginally sig-
nificant: its posterior distribution had a 0.025 quantile of 0.99; and
there was a 0.05 probability that the effect size was ≤ 1.

The RRs for respiratory tract cancer incidence estimated by the in-
tercept-only model presented a gradient in which the values were

highest for the weighting areas in the center of the city and lowest for
those on the periphery, especially in the extreme northern, eastern, and
southern regions (Fig. 2a). Fig. 2b shows the spatial variability, after
adjustment for the covariates, representing the incidence that could not
be explained by the influence of traffic density and the MHDI. Note that
weighting areas with an RR of 2.0–4.0 disappeared in the most central
region and that the number of weighting areas with an RR of 1.3–2.0
has increased in the northern and eastern regions of the city. Areas with
a low RR (0.3–1.0) came to present values between 1.1 and 1.3.

For mortality associated with respiratory tract cancer, the RR esti-
mated by the intercept-only model presented a gradient in which the
values were also highest within the central region of the city and lowest
on the periphery, with the exception of the extreme south (Fig. 3a).
Fig. 3b shows a change in the spatial variability of mortality without the
influence of traffic density and the MHDI. In the central region, there
were no longer any weighting areas with an RR of 2.0–3.0 and in the
north and east regions have an increased in the number of those with an
RR between 1.3 and 2.0. There was an overall reduction in the number
of weighting areas with a low RR and in the extreme southern region of
the city an RR between 1.3 and 2.0 reduced. The risk in the extreme
southern could be explained by the lower influence of the neighbor-
hood due to the larger areas, the reduced number of neighbors and the
similarity between them. In addition, these weighting areas have a
smaller population.

4. Discussion

Our study showed that areas with high traffic density coincided with
areas that presented higher crude RR values for the incidence and

Fig. 1. (a) Total traffic density in 2008 and (b) the Municipal Human Development Index (MHDI) for 2010, by weighting area, in the city of São Paulo, Brazil.

Table 1
Relative risk (RR), estimated by a Besag–York–Mollié model with a Poisson
distribution, for respiratory tract cancer in individuals over 20 years of age
residing in the city of São Paulo, Brazil.

Measure (time frame) RRa 0.025 quantile 0.975 quantile

Incidence (2002–2011)
Intercept 0.87 0.85 0.90
For traffic density 1.07 1.02 1.13
For the MHDI 1.25 1.18 1.32
Mortality (2002–2013)
Intercept 0.90 0.88 0.93
For traffic density 1.04 0.99 1.09
For the MHDI 1.23 1.16 1.30

a Relative risk estimates per 1-unit standard-deviation increase in traffic
density and MHDI (Municipal Human Development Index).
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mortality for respiratory tract cancer. The ecological model showed that
the spatial variability of the incidence was influenced by the traffic
density and socioeconomic status. After adjustment for those covari-
ates, there was an overall decrease in the RR values, although they
increased on the periphery, the spatial pattern no longer being ex-
plained by the covariates. This finding, showing the influence of traffic,
is in agreement with those of previous local studies that reported the
influence that ozone and particulate matter with an aerodynamic dia-
meter ≤10 μm (PM10), both of which are important traffic-related air
pollutants, have on the incidence of lung and laryngeal cancer in the
city of São Paulo [7,29].

The spatial variability of mortality associated with respiratory tract
cancer was also influenced by the covariates. The upper limit of the
crude RR was lower than that of the incidence, fewer areas corre-
sponding to that value, although this higher RR value for incidence and
mortality were comparable in the most central region of the city. In the
ecological analysis, adjusting for the covariates also promoted a re-
duction of the RR in the central region of the city, with a corresponding
increase in the areas on the periphery. Although the 0.025 quantile of
the posterior distribution of the effect of traffic density was less than 1
(0.99), it is highly likely that traffic density is a risk factor for mortality
associated with respiratory tract cancer, the probability that its effect
size was ≤1 being 0.05. In a review study that evaluated the influence
of air pollution and its effects on public health in the city of São Paulo,
the authors concluded that traffic-related air pollution is associated
with increased mortality risk [40].

There have been few studies evaluating the association between

traffic density and the frequency of adult cancers. A study conducted in
the United States used traffic density data from 168 counties and
showed that the risk of developing adenocarcinoma or squamous cell
carcinoma of the lung was 136% and 68% higher, respectively, for
individuals residing in areas with a traffic density of approximately 937
vehicles per square mile than for those residing in areas with a traffic
density of approximately 1 vehicle per square mile, with a dose-re-
sponse gradient [41]. Other studies have used the distance between the
residence and a roadway with high traffic volume as an exposure
variable. In a study conducted in Denmark [42] the authors detected an
increased incidence of lung cancer among individuals living within
50m of a major roadway (traveled by>10,000 vehicles/day). In Italy,
the overall risk of death from lung cancer was found to be significantly
higher for individuals living within 25m of a major roadway than for
those living 500–1999m from such a roadway [43]. Another study
conducted in Italy [16] reported that the mortality risk was higher
among individuals living within 50m of a roadway with high traffic
volume than among those living ≥ 250m from the same roadway.

Cohort studies have shown that the incidence of lung cancer pre-
sents a significant positive association with estimated vehicle emissions
of particulate matter—PM10 or PM2.5—as well as with chronic exposure
to those pollutants [8,13,44,45]. That lends support to evidence that
the inhalation of carcinogens present in air pollution has a carcinogenic
effect, due the oxidative stress and inflammatory response in the air-
ways [46,47]. Similar exposures have also been implicated as con-
tributing factors in death from lung cancer [15,17,19,48]. Mortality risk
factors have been found to include chronic exposure not only to

Fig. 2. Relative risk (RR) for respiratory tract cancer incidence in individuals over 20 years of age residing in the city of São Paulo, Brazil, in the 2002–2011 period,
according to a Besag–York–Mollié model, with a Poisson distribution, before and after adjustment for the covariates (a and b, respectively). Area-specific RR values
are relative to the mean RR.
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particulate matter but also to NO2. An Italian study found that chronic
exposure to PM2.5 is strongly associated with the occurrence of lung
cancer, as is chronic exposure to NO2 [16]. Another cohort study con-
ducted in Denmark showed that a 10 μ/m3 increase in the concentration
of PM10 or NO2 was significantly associated with the occurrence of lung
cancer [18]. However, an analysis of the association between NO2 ex-
posure and lung cancer obtained inconclusive results due to the small
number of deaths in this category. However, the authors reported that
exposure to NO2 was associated with significant increases in all-cause
mortality and mortality from cardiovascular disease [49].

Underscoring our findings, studies carried out in recent years have
reported associations between air pollution and the development of a
variety of diseases, mainly lung cancer. However, smoking could be
considered an important confounding factor in the present study.
Nevertheless, we identified spatial variability in the risk that was in-
fluenced by traffic density and socioeconomic status. The risk re-
maining after the removal of those variables appears to be influenced
by factors that were not taken into account in the analysis, the most
important of which could be smoking. However, data from surveillance
of risk and protective factors for chronic diseases by telephone survey
have shown that the prevalence of smoking in the city São Paulo has
declined in recent years, from 17.4% in 2006 to 13.71% in 2013, due to
the implementation of anti-smoking legislation. Over that same period,
the proportion of smokers who consumed ≥ 20 cigarettes/day de-
creased from 5.22% to 3.85% [50]. It is noteworthy that some studies
have identified a significant association between traffic-related air
pollutants and lung cancer among nonsmokers [14,51,52]. Another
study discussed the risk factors of lung cancer in nonsmoker

emphasizing air pollution as an environmental carcinogen [53].
In the present study, we found that the more central areas of the city

of São Paulo, where people with better socioeconomic status reside,
coincided with areas of greater exposure to traffic-related air pollution.
That is in keeping with the findings of a study that evaluated the so-
cioeconomic characteristics of the population of the city of São Paulo
exposed to atmospheric pollution, concluding that higher socio-
economic status coincided with greater exposure [54]. The same si-
tuation was observed in the city of Rome, Italy [55].

Despite advances in vehicle technology and local restrictions on
pollutant emissions [56], pollutant concentrations in the air over the
city of São Paulo continue to be elevated, PM10 concentrations in the
greater metropolitan region having remained at 35 μg/m3 over the last
10 years [57], a concentration higher than that recommended by the
WHO [58], which is 20 μg/m3. The WHO guidelines warn that there are
no safe thresholds and that human health might not be fully protected
even when pollutant concentrations are within the recommended
limits. A comparative risk assessment of air pollutants showed their
contribution to the Disability Adjusted Life Years indicator, which
measures the effect of mortality and health problems that affect the
quality of life of individuals, the authors reporting an increase in that
indicator, from 0.4% in 2000 to 3.1% in 2010 [59].

One strength of the present study is that we considered incidence
data together with mortality data, the combined results better expres-
sing the relationship between the risk of exposure and its adverse health
effects [60]. Given the role of air pollution in the development of
cancer, as evidenced in recent years, mainly in cohort studies, we un-
derstand that there is a need for ecological studies to show effects that

Fig. 3. Relative risk (RR) for respiratory tract cancer mortality in individuals over 20 years of age residing in the city of São Paulo, Brazil, in the 2002–2013 period,
according to a Besag–York–Mollié model, with a Poisson distribution, before and after adjustment for the covariates (a and b, respectively). Area-specific RR values
are relative to the mean RR.

A.G. Ribeiro et al. Cancer Epidemiology 56 (2018) 53–59

57



are invisible at the individual level. Another strength of our study is the
fact that no spatial analysis to date was conducted in the city of São
Paulo to evaluate respiratory cancer risks in relation to residential
proximity to traffic. Furthermore, much of the evidence investigating
air pollution and cancer risk have been derived from high-income
countries. We employed Besag–York–Mollié models, which explicitly
consider the spatial structure of the data and allow the risks to be es-
timated for each area under analysis. The likelihood was modeled with
a Poisson distribution because of the better fit in relation to a negative
binomial distribution. The classic Poisson model, normally used in most
studies using similar approaches, not considers the spatial variability of
risk. The use of the INLA method with weak priors best reproduces the
spatial random effects, the results being comparable to those obtained
with the use of a Monte Carlo Markov Chain [34].

Our study has certain limitations. We used traffic density as a proxy
for exposure to traffic-related air pollution, because there is a limited
number of municipal air quality monitoring stations, making it im-
possible to characterize exposure on a small scale. Another limitation is
that we could not calculate the traffic density for previous years with
similar precision. Nevertheless, the evaluation of traffic density allows
exposure to traffic-related air pollution to be assessed throughout the
entire city and might be used as a proxy when more accurate mea-
surements are not available [61]. However, as respiratory cancers are
chronic diseases, the specific exposures responsible for the measured
outcomes might have occurred before the traffic density period used in
this study, requiring us to assume that these exposures remained stable
over preceding decades. Although the number of cars in use was lower
in previous years, the car fleet was less technologically advanced and
the policies on the emissions of pollutants were less rigorous. The his-
torical air quality data corroborate this as high levels of pollutants were
registered. For example, the PM10 concentrations decreased by around
60 μg/m3 to 40 μg/m3 from 1987 to 2008 [56], leading us to assume
that the exposure scenario to traffic pollutants in previous years was
worse than the exposure period used in this study.

Other limitations are that we did not evaluate the city landforms
and the variation in individual exposure during a commute or travel
within the city.

5. Conclusions

The results of the present study support the hypothesis that residing
in regions with high traffic density is associated with an increased risk
of developing and death for respiratory tract cancer among individuals
over 20 years of age residing in the city of São Paulo. The populations
that are most exposed are those residing in areas of higher socio-
economic status, which coincide with the areas of greatest traffic vo-
lume, in the central region of the city. Our findings could aid public
agencies in the development of health care policies aimed at reducing
the harmful effects that traffic-related air pollutants have on public
health, as well as laying the groundwork for future studies on the in-
dividual level.
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