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Abstract

Background

Long-term exposure to fine particles�2.5 μm in diameter (PM2.5) has been linked to cancer

mortality. However, the effect of wildfire-related PM2.5 exposure on cancer mortality risk is

unknown. This study evaluates the association between wildfire-related PM2.5 and site-spe-

cific cancer mortality in Brazil, from 2010 to 2016.

Methods and findings

Nationwide cancer death records were collected during 2010–2016 from the Brazilian Mor-

tality Information System. Death records were linked with municipal-level wildfire- and non-

wildfire-related PM2.5 concentrations, at a resolution of 2.0˚ latitude by 2.5˚ longitude. We

applied a variant difference-in-differences approach with quasi-Poisson regression, adjust-

ing for seasonal temperature and gross domestic product (GDP) per capita. Relative risks

(RRs) and 95% confidence intervals (CIs) for the exposure for specific cancer sites were

estimated. Attributable fractions and cancer deaths were also calculated. In total, 1,332,526

adult cancer deaths (age� 20 years), from 5,565 Brazilian municipalities, covering 136 mil-

lion adults were included. The mean annual wildfire-related PM2.5 concentration was

2.38 μg/m3, and the annual non-wildfire-related PM2.5 concentration was 8.20 μg/m3. The

RR AU : Pleasecheckthattheeditstothesentence}TheRR:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:for mortality from all cancers was 1.02 (95% CI 1.01–1.03, p < 0.001) per 1-μg/m3

increase of wildfire-related PM2.5 concentration, which was higher than the RR per 1-μg/m3

increase of non-wildfire-related PM2.5 (1.01 [95% CI 1.00–1.01], p = 0.007, with p for differ-

ence = 0.003). Wildfire-related PM2.5 was associated with mortality from cancers of the

nasopharynx (1.10 [95% CI 1.04–1.16], p = 0.002), esophagus (1.05 [95% CI 1.01–1.08], p

= 0.012), stomach (1.03 [95% CI 1.01–1.06], p = 0.017), colon/rectum (1.08 [95% CI 1.05–

PLOS MEDICINE

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004103 September 19, 2022 1 / 21

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Yu P, Xu R, Li S, Yue X, Chen G, Ye T, et

al. (2022) Exposure to wildfire-related PM2.5 and

site-specific cancer mortality in Brazil from 2010 to

2016: A retrospective study. PLoS Med 19(9):

e1004103. https://doi.org/10.1371/journal.

pmed.1004103

Academic Editor: Liz Hanna, AUSTRALIA

Received: February 22, 2022

Accepted: August 25, 2022

Published: September 19, 2022

Copyright: © 2022 Yu et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: The authors are not

permitted to share the third party raw data used in

the analyses. For information on data access,

readers are asked to contact Mr Alven Yu (wenhua.

yu@monash.edu), who is a data repository

manager. Annual CO (p.p.b.), NO2 (p.p.b.), and O3

(p.p.b.) concentrations were obtained from the

Environmental Information System for Health

(http://queimadas.dgi.inpe.br/queimadas/sisam/v2/

dados/download/). NDVI data was extracted from

the product of MOD13Q1.006 (https://lpdaac.usgs.

gov/products/mod13q1v006/). NTL data was

extracted from an extended time-series (2000-

https://orcid.org/0000-0002-7485-1751
https://orcid.org/0000-0003-1906-8614
https://orcid.org/0000-0002-8861-8192
https://orcid.org/0000-0002-6613-5923
https://orcid.org/0000-0001-5405-7051
https://orcid.org/0000-0002-9732-1278
https://orcid.org/0000-0002-9954-0538
https://orcid.org/0000-0002-1766-6592
https://doi.org/10.1371/journal.pmed.1004103
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1004103&domain=pdf&date_stamp=2022-10-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1004103&domain=pdf&date_stamp=2022-10-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1004103&domain=pdf&date_stamp=2022-10-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1004103&domain=pdf&date_stamp=2022-10-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1004103&domain=pdf&date_stamp=2022-10-03
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1004103&domain=pdf&date_stamp=2022-10-03
https://doi.org/10.1371/journal.pmed.1004103
https://doi.org/10.1371/journal.pmed.1004103
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:wenhua.yu@monash.edu
mailto:wenhua.yu@monash.edu
http://queimadas.dgi.inpe.br/queimadas/sisam/v2/dados/download/
http://queimadas.dgi.inpe.br/queimadas/sisam/v2/dados/download/
https://lpdaac.usgs.gov/products/mod13q1v006/
https://lpdaac.usgs.gov/products/mod13q1v006/


1.11], p < 0.001), larynx (1.06 [95% CI 1.02–1.11], p = 0.003), skin (1.06 [95% CI 1.00–

1.12], p = 0.003), breast (1.04 [95% CI 1.01–1.06], p = 0.007), prostate (1.03 [95% CI 1.01–

1.06], p = 0.019), and testis (1.10 [95% CI 1.03–1.17], p = 0.002). For all cancers combined,

the attributable deaths were 37 per 100,000 population and ranged from 18/100,000 in the

Northeast Region of Brazil to 71/100,000 in the Central-West Region. Study limitations

included a potential lack of assessment of the joint effects of gaseous pollutants, an inability

to capture the migration of residents, and an inability to adjust for some potential

confounders.

Conclusions

Exposure to AU : Pleasecheckthattheeditstothesentence}Exposureto:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:wildfire-related PM2.5 can increase the risks of cancer mortality for many cancer

sites, and the effect for wildfire-related PM2.5 was higher than for PM2.5 from non-wildfire

sources.

Author summary

Why was this study done?

• Cancer is a leading cause of death worldwide, and cancer-related deaths are projected to

increase in the future in all countries, including Brazil.

• Given the increasing frequency and duration of wildfires in recent decades, the effects

of wildfires on health need to be better understood.

• The association between wildfire PM2.5 and site-specific cancer mortality remains

unclear.

What did the researchers do and find?

• We conducted AU : Pleasecheckthattheeditstothesentence}Weconducted:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:a retrospective study using data from the Mortality Information System

in Brazil to assess whether wildfire-related PM2.5 exposure was associated with mortality

from cancer for common cancer sites in adults.

• Municipality-level wildfire- and non-wildfire-related PM2.5 concentrations were esti-

mated and linked with the mortality data.

• We foundAU : Pleasecheckthattheeditstothesentence}Wefound:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:that wildfire-related PM2.5 exposure was associated with cancer mortality for

various common cancer sites in adults in Brazil, and higher effects were observed for

wildfire-related PM2.5 than for non-wildfire sources of PM2.5.

What do these findings mean?

• Our findings suggest a high wildfire-related PM2.5 attributable cancer burden, among

adults in Brazil.

• The potentially higher risk of wildfire-related PM2.5 compared with non-wildfire-related

PM2.5 for all cancers combined suggests that the wildfire control and systemic
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prevention strategies are warranted, to reduce cancer mortality risk in Brazil. This could

be a health co-benefit of measures to preserve the Amazon rainforest and limit climate

change.

Introduction

Wildfires have become more frequent under climate change in recent years and pose a serious

threat to human health. Even those living many kilometers away from wildfires are exposed to

their smoke; thus, the health impacts of wildfires on the general population are a concern.

Wildfires emit high concentrations of air pollutants and hazardous substances, including fine

particles�2.5 μm in diameter (PM2.5), which are regarded as the fire tracer in epidemiological

studies.

It has been estimated that 0.62% of all-cause deaths are annually attributable to the acute

impacts of wildfire-related PM2.5 exposure globally [1]. Apart from death, increased risks of

morbidity from respiratory diseases, cardiovascular diseases, low birth weight and preterm

birth, and influenza were observed after acute short-term wildfire smoke exposure [2]. Only a

few studies have reported the long-term effect of wildfire-related PM2.5 (e.g., on general health

and lung capacity) [3–6]. Currently, there are research gaps regarding the potential health

impacts of long-term wildfire smoke exposure, including on the risk of cancer.

Occupational studies investigating the risk of cancer in firefighters found that firefighters

who experienced a high degree of wildfire smoke exposure had higher risks of cancer com-

pared to firefighters exposed to limited wildfire smoke [7–9]. Wildfire-related particles were

suggested to have smaller sizes and to contain more oxidative and proinflammatory compo-

nents than urban sources of particles [2,10]. Thus, AU : Pleasecheckthattheeditstothesentence}Thus; :::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:wildfire-related PM2.5 exposure could also

increase cancer mortality in the general population, and the effect may be higher than for non-

wildfire PM2.5 sources.

The majority of the Amazon rainforest, which represents over half of the planet’s rainfor-

ests, is contained within Brazil [11]. The current unprecedented scale of wildfires means AU : IchangedUnprecedentedwildfiresmean:::toThecurrentunprecedentedscaleofwildfiresmeans . . . :Ifthischangedoesnotcaptureyourmeaning; pleaseeditasnecessary:many

Brazilian people are exposed to fire smoke. Given that toxic smoke from wildfires travels long

distances with wind, the assessment of the health effects of wildfires should not be limited to

firefighters. If the association between wildfire-related PM2.5 and cancer mortality is higher

than that for non-wildfire PM2.5, cancer could be an important consideration when making

public health allocation strategies, especially in Brazil. Assessment of the impact of exposure to

wildfire-related PM2.5 upon mortality from all types of cancer would also inform public health

measures to improve cancer survival.

To address this important issue, in this study, we analyze the associations between wildfire-

related PM2.5 and cancer-specific mortality, using national mortality data spanning 2010–2016

in Brazil. This study also AU : Pleasecheckthattheeditstothesentence}Thisstudyalso:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:compares the impacts of non-wildfire-related and wildfire-related

PM2.5 on cancer mortality. Finally, we estimate regional cancer death counts attributable to

wildfire-related PM2.5.

Methods

This study is reported as per the REporting of studies Conducted using Observational Rou-

tinely-collected Data (RECORD) statement (S1 RECORD Checklist).
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Protocol

This research was conducted using data from the Brazil Mortality Information System. Our

study did not employ a prospective protocol. Analyses were first planned and performed in

August 2021. During peer review, we added a figure of sensitivity analysis and a table compar-

ing the effect on cancer mortality and drowning (as the negative control). Changes to the

paper were also made at the request of peer reviewers.

Study population

Individual death records from 1 January 2010 to 31 December 2016 AU : Ichanged2010to2016to1January2010to31December2016:Ifthisisnotcorrect; pleaseprovidecorrectfulldates:were collected from the Brazil

Mortality Information System (Sistema de Informação sobre Mortalidade) [12]. Complete records

from 5,565 municipalities, covering about 99.98% of the Brazilian population distributed in the 5

regions of Brazil, were included in the analyses. Municipalities with missing mortality data and

records with missing age or sex were excluded from the analyses. Each death record included

information on municipality, age, sex, date, and primary cause of death, coded according to the

International Statistical Classification of Diseases and Related Health Problems—10th Revision

(ICD-10, https://icd.who.int/browse10/2019/en). Cancer deaths were totaled for every municipal-

ity-year and grouped as follows: oral (C00–C10, C12–C14), nasopharynx (C11), esophagus (C15),

stomach (C16), colon/rectum (C18–C21), liver (C22), gallbladder (C23–C24), pancreas (C25), lar-

ynx (C32), lung (C33–C34), bone (C40–C41), skin (C43), breast (C50), cervix (C53), uterus

(C54–C55), ovary (C56), prostate (C61), testis (C62), kidney (C64–C66), bladder (C67), brain

(C70–C72), lymphoma (C81–C85), and leukemia (C91–C95). The death counts were also divided

by sex and age groups (male versus female; aged 20–59 versus 60+ years). Child and adolescent

cancers are not the same as adult cancers, with different types, treatment, and survival [13,14];

thus, only cancer deaths in individuals aged�20 years were included in the analyses.

Pollution exposure

Daily all-source PM2.5 and wildfire-related PM2.5 were estimated during the study period; the

details of model development and validation have been described in our previous work

[1,15,16]. In summary, fire-induced change in PM2.5 was predicted by the chemical transport

model GEOS-Chem (version 12.0.0) as the difference in PM2.5 from simulations with and

without fire emissions. The anthropogenic emissions from 5 fire sources (boreal forest fires;

tropical forest fires; savanna, grassland, and shrubland fires; temperate forest fires; agricultural

waste burning) were from the EDGAR v4.2 inventory (http://edgar.jrc.ec.europa.eu/). The all-

source PM2.5 was then downscaled from the original resolution of 2.0˚ latitude × 2.5˚ longitude

to a higher resolution of 0.25˚ × 0.25˚ using a random forest model, taking into account the

impacts of meteorology on PM2.5 in the fine grid cells. The downscaled all-source PM2.5 from

GEOS-Chem was validated against ground-level PM2.5 monitored at 6,882 global sites, with a

high coefficient of determination of up to 0.865 [1]. Then wildfire-related PM2.5 was derived as

the product of all-source PM2.5 and the wildfire-to-all ratio calculated by the GEOS-Chem

model. Annual mean non-wildfire- and wildfire-related PM2.5 were calculated from daily non-

wildfire PM2.5 and wildfire-related PM2.5 during 2000AU : Pleasecheckthat2000iscorrectherein2000 � 2016:–2016. The official geographical bound-

aries of municipalities were downloaded from the website of the Brazilian Institute of Geogra-

phy and Statistics (BIGS; https://www.ibge.gov.br/pt/inicio.html).

Other covariates

Daily mean temperatures were calculated from hourly temperature records from the European

Centre for Medium-Range Weather Forecasts Reanalysis v5 (ERA5) dataset, with a 0.25˚ ×
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0.25˚ (approximately 28 km × 28 km) spatial resolution. This dataset has global coverage and

is comparable to weather station observations in evaluating temperature–mortality associa-

tions [17]. The municipality-level temperature was represented by the temperature of the grid

at the geographical center of each municipality.

Municipality-level population size and gross domestic product (GDP) per capita for every

year during the study period were downloaded from BIGS and then adjusted to United States

dollars at the current price, according to the consumer price index during 2008–2020 and the

average exchange rate in 2020 [18,19]. All variables were linked to death cases according to

municipality and year.

Statistical analysis: PM2.5–cancer mortality association

A variant difference-in-differences (DID) approach with quasi-Poisson regression was applied

to examine the associations between exposure and all cancers and site-specific cancer mortal-

ity. The essence of the variant DID design is that the difference in temporal concentrations

(wildfire- and non-wildfire-related PM2.5 in this study) is related to the difference in cancer

mortality rates in each location during the study period [20]. Factors that keep stable during

the study time and time trends in confounders that changed similarly across locations are con-

trolled. Confounders AU : Pleasecheckthattheeditstothesentence}Confoundersthatcorrelate:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:that correlate with the wildfire- or non-wildfire-related PM2.5 concentra-

tions and that change differently across regions by time should be adjusted in the model. The

parameters of the variables are defined based on previous studies [21–23]. Temperature has

been demonstrated to be associated with cancer mortality and thus is fitted in the main model

[24,25]. Socioeconomic factors are represented by GDP per capita. Cancer-specific mortality

associations were evaluated using the following model:

ln½EðYs;tÞ� ¼ b0þb1Is þ b2It þ b3PM2:5s;t þ lnðPops;tÞ þ b4Tempsummers;t þ b5Tempwinters;t

þ b6SDðTempsummers;tÞ þ b7SDðTempwinters;tÞ þ b8GDP per capitas;t

where Ys,t represents the number of cases in municipality s, year t; Is is a dummy variable for

municipality s; It is a dummy variable for year t; PM2.5s,t is the average wildfire- or non-wild-

fire-related PM2.5 in municipality s, year t; βs is the intercept or slope for the linear terms; ln

(Pops,t) is an offset term representing the natural log of the population in municipality s, year t;
and Temp values are the means of summer and winter temperatures and their standard devia-

tions (SDs).

We also performed subgroup analyses by age group (20–59 years versus 60 years or above)

and sex. We used fixed-effects meta-analyses to compare the effect estimates between sex and

age groups. All results are expressed as relative risks (RRs) and 95% confidence intervals (95%

CIs) per 1-μg/m3 increase in annual average PM2.5 concentration. Several sensitivity analyses

were performed—adding gas pollutants (CO, NO2, O3, SO2), Normalized Difference Vegeta-

tion Index (NDVI), and nighttime light (NTL); modeling the summer and winter tempera-

tures using natural cubic splines with 2 or 3 degrees of freedom; and removing GDP per capita

from the main model—to check the robustness of the main findings.

R software (version 3.4.3; https://www.r-project.org/) was used to perform all data analyses.

The “gnm” package was used to perform the conditional Poisson regression model. The

“mvmeta” package was used to compare the subgroup differences. Statistical significance was

defined as a 2-sided p-value < 0.05.

This study was approved by the Monash University Human Research Ethics Committee.

The Brazilian Ministry of Health did not require ethics approval or informed consent for sec-

ondary analysis of aggregated anonymized data from the Mortality Information System.
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Results

A total of 1,332,526 adult cancer death records from 5,565 municipalities, with municipality

areas ranging from 3.56 to 159,533 km2, covering almost the total population of Brazil from

2010 to 2016 were included in the main analyses. Cancer death counts from common cancer

sites are presented in S1 Table. Of all records included, death counts varied from 0 to 123,571

within municipalities. Mean annual wildfire-related PM2.5 was 2.38 μg/m3 (ranging from 0.60

to 12.49 μg/m3), with regional variability (Table 1). The distribution of wildfire-related PM2.5

showed a radial pattern from municipalities in the Central-West Region and surrounding

areas (Fig 1). The proportion of wildfire-related PM2.5 of all-source PM2.5 is shown in S1 Fig.

High total PM2.5 concentration in the North Region was observed, which may be associated

with volcanic SO2, lightning NOx, biogenic soil NO, ocean emissions, biogenic emissions, very

short-lived iodine and bromine species, and decaying plants (S2 Fig).

Table 1. Descriptive characteristics of study participants and summary statistics for the 5,565 municipalities in Brazil.

Characteristic Number of participants Mean SD Median Minimum Maximum

Health data

Cancer deaths (persons) 1,332,526 239 2,350 29 0 123,571

Age (years)

20–59 420,792 7 1,586 76 0 39,375

�60 911,734 164 767 22 0 84,196

Sex (persons)

Males 709,535 128 1,163 17 0 61,533

Females 622,887 112 1,189 12 0 62,038

Demographic data

Population size (persons) 199,997,499 35,938 212,436 11,306 0 11,779,640

Adult population size (persons) 136,303,472 24,493 152,255 7,490 0 8,457,673

Age (years)

20–59 112,977,597 20,301 124,834 6,097 460 6,932,700

�60 23,325,874 4,192 27,744 1,392 89 1,524,974

Sex (persons)

Males 65,496,608 11,769 70,120 3,816 306 3,902,467

Females 70,806,864 12,724 82,151 3,704 274 4,555,206

Environmental data

Wildfire PM2.5 (μg/m3) — 2.38 1.62 1.94 0.60 12.49

lag1a — 2.26 1.48 1.85 0.58 11.08

lag0–1b — 2.32 1.55 1.89 0.59 11.79

Non-wildfire PM2.5 (μg/m3) — 8.20 1.50 7.89 4.16 17.11

lag1a — 8.22 1.48 7.92 4.16 16.86

lag0–1b —

Mean summer temperature (˚C) — 25.27 1.86 25.47 18.23 29.92

SD of summer temperature (˚C) — 1.45 0.45 1.48 0.41 2.63

Mean winter temperature (˚C) — 21.33 4.47 21.64 10.55 30.28

SD of winter temperature (˚C) — 1.96 1.21 1.57 0.37 4.85

Socioeconomic data

GDP per capita (USD) — 4,333 4,636.40 3,249 807 146,701

alag1 refers to 1 year prior to the current year.
blag0–1 refers to 2-year average (current year and 1 year prior to the current year) concentration.

GDP, gross domestic product; SD, standard deviation; USD, US dollars.

https://doi.org/10.1371/journal.pmed.1004103.t001
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The associations between a 1-μg/m3 increase of wildfire-related PM2.5 concentration and

cancer mortality risks for single lag years and moving average lag years are shown in S3 Fig.

Significant associations were observed in the current year and 1 year before the death for all

cancers combined. Thus 2-year moving average concentration was used in later analyses. The

Fig 1. Estimated annual all-source PM2.5 concentrations, wildfire-related PM2.5 concentrations, and non-wildfire-related PM2.5 concentrations for

municipalities in Brazil from 2010−2016. (A) All-source PM2.5 concentrations; (B) wildfire-related PM2.5 concentrations; (C) non-wildfire-related PM2.5

concentrations. NA, not available. The base map of this figure was downloaded from the Brazilian Institute of Geography and Statistics (https://www.ibge.gov.

br/en/geosciences/territorial-organization/territorial-meshes/18890-municipal-mesh.html?edicao=30154&t=downloads); the base map was free and open-

access.

https://doi.org/10.1371/journal.pmed.1004103.g001
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relationships between wildfire-related PM2.5 and total cancer mortality modeled by natural

cubic splines with 1–4 degrees of freedom were similar, and linear analysis had the lowest

QBIC (Quasi-Bayesian Information Criteria)AU : PleasespelloutordefinetheabbreviationQBIC:, indicating linear associations between wildfire-

related PM2.5 and total cancer mortality (S4 Fig). Compared with non-wildfire PM2.5, people

were more vulnerable to wildfire-related PM2.5 (Fig 2).

The RR for mortality for all cancers combined per 1-μg/m3 increase of wildfire-related

PM2.5 concentration was 1.02 (95% CI 1.01–1.03, p< 0.001). Cancer mortality was higher for

wildfire-related PM2.5 than for other sources of PM2.5 (1.01 [95% CI 1.00–1.01], p = 0.007, p
for difference = 0.003). Wildfire-related PM2.5 was associated with mortality from cancers of

the nasopharynx (1.10 [95% CI 1.04–1.16], p = 0.002), esophagus (1.05 [95% CI 1.01–1.08], p =
0.012), stomach (1.03 [95% CI 1.01–1.06], p = 0.017), colon/rectum (1.08 [95% CI 1.05–1.11],

p< 0.001), larynx (1.06 [95% CI 1.02–1.11], p = 0.003), breast (1.04 [95% CI 1.01–1.06], p =
0.007), prostate (1.03 [95% CI 1.01–1.06], p = 0.019), and testis (1.10 [95% CI 1.03–1.17], p =
0.002) (Fig 3). However, no significant association with lung cancer mortality was observed

(1.00 [95% CI 0.98–1.01], p = 0.503). RRs associated with wildfire-related PM2.5 were greater

than RRs for non-wildfire PM2.5 for colorectal (1.03 [95% CI 1.02–1.04], p = 0.001) and testis

Fig 2. Estimated RR (95% CI) for the association between a 1-μg/m3 increase in lag0–1-year wildfire-related PM2.5, and non-wildfire-related PM2.5 and

cancer mortality for 2010–2016. AU : PleasecheckthattheeditstothetitleforFig2captureyourmeaning:Ifnot; pleaseeditasnecessary:The solid lines represent the RR, and the shaded areas represent the 95% CI. The model, AU : InthelegendtoFig2 : Pleasecheckthattheeditstothesentence}Themodel:::}captureyourmeaning:Ieditedthissentencethesameinallfigureandsupportingfigurelegendswherethissentenceappeared:Ifthisiswordingisnotcorrect; pleaseprovidecorrectwordinginalllocations:by its design, controlled for factors

that were stable across the study period or had similar trend across geographical locations, and also adjusted for spatial-temporal factors including seasonal

temperature and GDP per capita. CI, confidence interval; RR, relative risk.

https://doi.org/10.1371/journal.pmed.1004103.g002
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(1.10 [95% CI 1.03–1.17], p< 0.001) cancer mortality. Though no significant association was

observed between cervical cancer and wildfire-related PM2.5, adverse effects (1.03 [95% CI

1.01–1.04], p = 0.001) were found for non-wildfire PM2.5 (S5 Fig).

To further examine vulnerable cancer sites and population subgroups, stratified analyses

for mortality from potentially affected cancers by age and sex are shown in Fig 4. There was no

significant difference for all cancers combined between males (1.02 [95% CI 1.01–1.04], p<
0.001) and females (1.02 [95% CI 1.00–1.03], p = 0.011; p for difference = 0.337) or between

Fig 3. Estimated RRs and 95% CIs for the association between a 1-μg/m3 increase in 2-year average (lag0–1)

wildfire-related PM2.5 and all-cancer and site-specific cancer mortality, from 2010–2016. The vertical dashed line

represents the reference line for RR = 1, helping to compare the effect estimates with the null hypothesis; the error bars

represent 95% CIs. The model, by its design, controlled for factors that were stable across the study period or had

similar trend across geographical locations, and also adjusted for spatial-temporal factors including seasonal

temperature and GDP per capita. CI, confidence interval; RR, relative risk.

https://doi.org/10.1371/journal.pmed.1004103.g003
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people aged 20–59 years (1.02 [95% CI 1.00–1.03], p = 0.024) and people 60 years or older

(1.03 [95% CI 1.01–1.04], p< 0.001; p for difference = 0.325). The RR for mortality from skin

cancers was more pronounced in males, while a higher RR for nasopharyngeal cancer mortal-

ity was observed in females. NotablyAU : Pleasecheckthattheeditstothesentence}Notably; :::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:, higher risks were observed for cancers of the colon/rec-

tum, skin, and prostate among people aged 20–59 years, and higher RR for testicular cancer

mortality was observed among people aged 60 years and older (Fig 4). Subgroup analyses for

other cancer sites are shown in S6 Fig. Lung cancer mortality was significantly associated with

non-wildfire PM2.5 in females (1.02 [95% CI 1.00–1.03], p = 0.013) and people 60 years or

older (1.01 [95% CI 1.00–1.02], p = 0.010) (S7 Fig).

Wildfire-related PM2.5 attributable cancer deaths ranged from 0 to 822/100,000 population

for municipalities during the study period, assuming the association is causal (Fig 5). In total,

there were 53,135 cancer deaths (95% CI 30,743–75,322)AU : Pleaseindicatewhatthevaluesinparenthesesð30; 743 � 75; 322Þindicate : 95%CI?range?attributable to 2-year average wild-

fire-related PM2.5 exposure from 2010 to 2016. Though the highest cancer mortality rate was

in the South Region, the number of attributable cancer deaths per 100,000 population was

higher in the Central-West Region (75/100,000). Males and people 60 years or older experi-

enced a higher cancer burden. Along with AU : Pleasecheckthattheeditstothesentence}Alongwith:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:increased cancer cases and higher wildfire-related

PM2.5 exposure, the number of attributable cancer deaths was more pronounced in 2015 and

2016, which is consistent with the high wildfire-related PM2.5 exposure in those years

(Table 2). State-level attributable cancer deaths are presented in S2 Table.

Sensitivity analyses showed that our estimation was robust. The estimations using 2-year

average (lag0–1) and three-year average (lag0–2) wildfire-related PM2.5 concentrations were

similar (S3 Fig). We also compared associations estimated by adding other air pollutants (CO,

NO2, O3, SO2), NDVI, and nighttime light; changing the degrees of freedom of temperature;

and removing GDP per capita from the model (S3 Table). Unintentional AU : Pleasecheckthattheeditstothesentence}Unintentionaldrowning:::}ðincludingchangingintentionaltounintentionalÞcaptureyourmeaning:Ifnot; pleaseprovidecorrectwording:drowning was used

as the outcome for a negative control analysis: Drowning was not significantly associated with

wildfire-related PM2.5 exposure (S4 Table).

Discussion

We did a national analysis of the association between wildfire-related PM2.5 exposure and can-

cer mortality. We found that wildfire-related PM2.5 was significantly associated with an

increased risk of all-cause cancer death in Brazil during 2010–2016. Increased risks were

detected for cancers of the nasopharynx, esophagus, stomach, colon/rectum, larynx, AU : Pleasecheckthattheinclusionof boneinthislistisasintended:skin,

breast, prostate, and testis. Notably, we found that people may be more vulnerable to wildfire

smoke than non-wildfire PM2.5 sources, especially for esophageal, colorectal, and testicular

cancer. To our best knowledgeAU : Pleasecheckthattheeditstothesentence}Toourbest:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:, this study is the first to specifically focus on associations

between wildfire-related PM2.5 and site-specific cancer mortality. The disease burden attribut-

able to wildfire may be higher than previous estimates based on respiratory and cardiovascular

diseases.

Cancer mortalityAU : Pleasecheckthattheeditstothesentence}Cancermortality:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:is an outcome reflecting both the incidence of cancer and survival after

diagnosis [26]. The association between wildfire-related PM2.5 and cancer mortality may be

explained by increased cancer incidence and shortened survival. PM2.5 is classified by the

Fig 4. Estimated RRs (95% CIs) for the association between a 1-μg/m3 increase in 2-year average (lag0–1) wildfire-

related PM2.5 and cancer mortality, from 2010–2016, by sex and age. AU : PleasecheckthattheeditstothetitleforFig4captureyourmeaning:Ifnot; pleaseeditasnecessary:The vertical dashed line represents the

reference line for RR = 1, helping to compare the effect estimates with the null hypothesis; the error bars represent 95%

CIs. The model, by its design, controlled for factors that were stable across the study period or had similar trend across

geographical locations, and also adjusted for spatial-temporal factors including seasonal temperature and GDP per

capita. The p-values for differences were estimated by fixed-effects meta-analysis with no statistical adjustment,

because models were based on the same sample. CI, confidence interval; RR, relative risk.

https://doi.org/10.1371/journal.pmed.1004103.g004
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International Agency for Research on Cancer (IARC) as a Group 1 carcinogen for sufficient

evidence in increasing lung cancer risk [27]. Assuming AU : Pleasecheckthattheeditstothesentence}Assuming:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:a potentially significant wildfire–cancer

incidence association, cancer patients with weakened immune systems may be more vulnera-

ble to wildfire-related PM2.5, resulting in a significant mortality association [28,29]. Although

the mechanisms are not clear, some other studies have provided evidence for related cancers.

According to previous studies, all-source PM2.5 exposure may shorten cancer survival [30,31].

The potential AU : Pleasecheckthattheeditstothesentence}Thepotentialmechanism:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:mechanism for shortened survival may be accelerated cancer progression due to

PM2.5 inducing oxidative stress, genotoxicity, and/or inflammation [32–36]. PM2.5 may enter

AU : Pleasecheckthattheeditstothesentence}PM2:5mayenter:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:the digestive tract, altering the immune response and the gut microbiota and epithelial cells

[37]. Moreover, PM2.5 binds chemicals with endocrine-disrupting properties [38] that may be

associated with cancer development and progression of hormone-sensitive cancers, such as

breast and testicular cancer. Findings from an epidemiological study of breast cancer [39] and

mechanistic studies of testicular cancer [40] also support the hypothesisAU : Ichangedsupporttheassumptiontosupportthehypothesis:Ifthisisnotcorrect; pleaseeditasnecessary:. Therefore, it is biolog-

ically plausible that exposure to wildfire-related PM2.5 might increase mortality for cancers at

different sites.

Wildfire particles are smaller than those from urban sources, and particles reaching miles

away may have greater oxidative potential [41,42]. These characteristics of wildfire particles

pose a significant health risk to individuals. The health impact of short-term exposure to

Fig 5. Total attributable cancer deaths and cancer mortality per 100,000 population for municipalities in Brazil

from 2010–2016. (A) Attributable cancer deaths and (B) cancer mortality per 100,000 population. The base map of

this figure was downloaded from the Brazilian Institute of Geography and Statistics (https://www.ibge.gov.br/en/

geosciences/territorial-organization/territorial-meshes/18890-municipal-mesh.html?edicao=30154&t=downloads); the

base map was free and open-access.

https://doi.org/10.1371/journal.pmed.1004103.g005

Table 2. Cancer deaths and attributable cancer deaths associated with 2-year average wildfire-related PM2.5 exposure by region, age, sex, and year during 2010–

2016AU : InTable2 : Pleaseindicateðe:g:; inthecolumnheadsortablefootnoteÞwhatthevaluesinparenthesesinthelasttwocolumnsrepresent : 95%CIs?ranges?.

Factor Number of cancer deaths Cancer mortality/106 Attributable cancer deaths 95% CI Attributable cancer deaths/106 95% CI

Total 1,332,526 977.62 50,621 (28,212−72,822) 37.14 (20.70−53.43)

Region

Central-West 83,147 819.13 7,229 (4,029–10,399) 71.21 (39.69–102.45)

Northeast 281,089 781.27 6,566 (3,659–9,446) 18.25 (10.17–26.25)

North 60,475 596.03 3,743 (2,086–5,384) 36.89 (20.56–53.06)

Southeast 646,683 1,082.00 22,725 (12,665–32,692) 38.02 (21.19–54.7)

South 261,132 1,288.86 10,358 (5,773–14,901) 51.12 (28.49–73.55)

Age (years)

20–59 420,792 53.21 12,381 (1,635–22,978) 10.96 (1.45–20.34)

60+ 911,734 558.38 41,350 (23,198–29,304) 177.27 (99.45–254.24)

Sex

Males 709,535 154.76 32,549 (16,968–47,946) 49.70 (25.91–73.20)

Females 622,887 125.67 18,074 (4,210–31,767) 25.53 (2.95–44.86)

Year

2010 172,715 133.32 6,361 (3,545–9,150) 4.91 (2.74–7.06)

2011 177,971 134.98 6,902 (3,847–9,930) 5.23 (2.92–7.53)

2012 184,680 137.71 6,467 (3,604–9,303) 4.82 (2.69–6.94)

2013 190,192 139.53 6,491 (3,617–9,338) 4.76 (2.65–6.85)

2014 195,432 141.07 6,906 (3,849–9,935) 4.98 (2.78–7.17)

2015 203,071 144.26 8,785 (4,896–12,638) 6.24 (3.48–8.98)

2016 208,465 145.77 8,709 (4,854–12,529) 6.09 (3.39–8.76)

https://doi.org/10.1371/journal.pmed.1004103.t002
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wildfire smoke has been well documented for all-cause mortality [1,43]. In comparison with

the short-term effects of wildfire smoke, far fewer studies have included longer term health

impacts, and no study to our knowledge has shown an association between wildfire particles

and cancer. Some studies have reported an association between all-source PM2.5 and cancer

risks [44]. Our resultsAU : Pleasecheckthattheeditstothesentence}Ourresults:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:show a higher risk for wildfire-related PM2.5 than for PM2.5 from non-

wildfire source, for deaths from all cancers combined. Furthermore, we might expect that can-

cer at different sites would show different responses to wildfire-related PM2.5 exposure.

In addition to the short-term effect, other effects of wildfire smoke exposure on cancer risk

are still unknown in the general population, but higher cancer risks were observed among

wildfire firefighters who were most exposed to wildfire smoke. The American Cancer Society

(ACS) Cancer Prevention Study II demonstrated that wildland firefighters have an increased

risk of lung cancer mortality [45]. Studies from Australia AU : Pleasecheckthattheeditstothesentence}StudiesfromAustralia:::}captureyourmeaning:Inparticular; pleasecheckthatmalefirefightersðratherthanmalewildfirefirefightersorvolunteermalewildfirefirefightersÞiscorrect:Ifnot; pleaseprovidecorrectwording:showed possible increased risks of

colorectal and prostate cancers in paid male landscape firefighters, colorectal and kidney can-

cer in male firefighters, and all malignancies in female landscape firefighters [46–48]. How-

ever, no increased cancer mortality risks were observed, which may be due to the “healthy

volunteer” effect [46–48]. No other studies of cancer among wildfire firefighters were identi-

fied in the literature. The risks of cancer in firefighters, not limited to wildfires, are still uncer-

tain. In line with our results, increased risks of some respiratory system, digestive tract, skin,

and male reproductive cancers were reported in firefighters, but some protective associations

were also observed, which again may be due to the healthy volunteer effect [49–54]. Consistent

with previous studies, lung cancer was not observed to have a higher mortality risk associated

with wildfire-related PM2.5 exposure, while statistically significant associations were observed

in female and older populations with non-wildfire PM2.5 in the current study [46–54]. How-

ever, our previous study conducted in the same population and over a similar study period

showed significant associations between all-source PM2.5 and lung cancer mortality for all sub-

groups (both sexes and age groups) [55]. The increased risk of lung cancer mortality may be

explained by non-wildfire sources of PM2.5 exposure, such as industry and transportation

emissions, but not wildfires. Further studies on different sources of PM2.5 and histological sub-

type-specific estimation are warranted.

Another kind of exposure similar to wildfire smoke is the emission from biomass burning.

The literature suggests that indoor biomass burning is associated with lung cancer risk [56,57].

Robust evidence has been provided that biomass smoke from household cooking and heating

is also associated with higher risks of gastrointestinal cancers [58–60]. Furthermore, indoor

wood-burning stoves were suggested to be associated with a modestly increased risk of breast

cancer in the Sister Study from the US [61]. An increased risk of hypopharyngeal cancer was

also observed among lifelong users of wood in a case–control study from India [62]. Most

studies were not able to assess the effect of biomass burning separately, as participants using

fossil fuels included biomass and coal as cooking and heating fuels. However, in vitro studies

have demonstrated that particles emitted by wood fires have mutagenic and endocrine-dis-

rupting capacity, providing biological support for the possible role of wildfires in the patho-

genesis of hormone-sensitive cancers [63,64].

Although both AU : Pleasecheckthattheeditstothesentence}Althoughboth:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:firefighter smoke exposure and indoor biomass burning pollution may not

be directly comparable with wildfire-related PM2.5 exposure in the general population, this lit-

erature sheds some light on cancer-specific risks. The current analysis establishes a higher risk

for cancer, which means better control of wildfires is essential for cancer prevention in Brazil.

In addition, individual-, community-, and national-level strategies should be considered to

minimize fire exposure. However, AU : Pleasecheckthattheeditstothesentence}However:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:the effectiveness of personal actions such as relocation, stay-

ing indoors, or wearing masks is still controversial [2]. The investigation of wildfire prediction

models applied to Brazil is ongoing [65]. Warning systems for extremely hot weather
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implemented in many countries may also provide a warning for increased wildfire risk [66].

Systemic strategies and guidance are warranted.

Major strengths of this study include that it is the first study to estimate the association

between wildfire-related PM2.5 and cancer-specific mortality, to our best knowledge. Also, this

study is based on national death records, and the large sample size allowed the estimation of

associations representative for the total Brazilian population. Lastly, the variant difference-in-

differences approach could adjust for most of the unmeasured confounders stable during the

study time and those that changed similarly across regions.

Some study limitations should also be recognized. First, we considered only PM2.5 exposure

in the analyses, and potential joint effects of gaseous pollutants were not estimated. Our esti-

mation of wildfire-related PM2.5 could not capture the complex mixture of environmental pol-

lutants released during wildfires, and thus further studies are needed to refine the exposure

metrics. Additionally, some confounders related to wildfires could not be adjusted for in the

model due to data unavailability, including data on firefighting foam composition. For exam-

ple, AU : Pleasecheckthattheeditstothesentence}Forexample:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:associations between firefighting chemicals and cancer at various cancer sites have been

observed in previous studies: Firefighting foam containing per- and polyfluoroalkyl substances

was suggested to be related to increased risk of breast cancer, bladder cancer, etc. [67]. Second,

PM2.5 concentrations were estimated at a global scale, and regional validation was not available

due to limited ground-level monitors in Brazil. Third, municipality-level exposures were used

in the analyses because individual exposure data were not available. The use of aggregated data

may lead to some exposure misclassification, including the inability to capture the migration

of residents between municipalities. However, potential effects of migration may be limited, as

more than 96% of adults had an uninterrupted time of residence in a municipality for at least 2

years according, according to the 2010 census results published by BIGS [68]. Finally, the use

of registry data, rather than individual survey data, may have led to some misclassification of

residential address and main cause of death, which may lead to bias in the association estima-

tions. Some potentiallyAU : Pleasecheckthattheeditstothesentence}Somepotentiallychanging:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:changing confounders that correlated with both PM2.5 exposure and

cancer mortality were ignored in the analyses, due to the limited availability of individual life-

style data. Further, the data used in this study did not allow an assessment of competing risks,

as only the primary cause of death was recorded. Cancer patients who died from other causes

(e.g., heart attack) could not be included. Also, our use of 2-year average PM2.5 concentration

as the exposure may be not appropriate for cancers with a longer survival time. Overall, further

cohort studies are warranted to give a more accurate risk estimate.

In summary, this study provides the first quantitative estimate of the association between

wildfire-related PM2.5 and cancer-specific mortality across Brazil. The potentially AU : Pleasecheckthattheeditstothesentence}Thepotentiallyhigherrisk:::}captureyourmeaning:Ifnot; pleaseprovidecorrectwording:higher risk

of wildfire-related PM2.5 compared with non-wildfire-related PM2.5 for all cancers combined

suggests that the wildfire control and systemic prevention strategies are warranted to reduce

cancer mortality risk in Brazil. This could be a health co-benefit of measures to preserve the

Amazon rainforest and limit climate change.
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S1 Fig. AU : PleasecheckthattheeditstothetitleforS1Figcaptureyourmeaning:Ifnot; pleaseeditasnecessary:The proportion of wildfire-related PM2.5 of all-source PM2.5 concentration during

2010–2016. The base map of this figure was downloaded from the Brazilian Institute of Geog-

raphy and Statistics (https://www.ibge.gov.br/en/geosciences/territorial-organization/

territorial-meshes/18890-municipal-mesh.html?edicao=30154&t=downloads); the base map

was free and open-access.

(TIF)

S2 Fig. Annual concentration of source-specific PM2.5 in Brazil for the year 2017. The base

map of this figure was downloaded from the Brazilian Institute of Geography and Statistics

(https://www.ibge.gov.br/en/geosciences/territorial-organization/territorial-meshes/

18890-municipal-mesh.html?edicao=30154&t=downloads); the base map was free and open-

access. Gridded fractional source contribution results in Brazil were extracted from [69].

(TIF)

S3 Fig. Estimated RRs (95% CIs) for the association between a 1-μg/m3 increase in single

lag0−2 and moving average wildfire-related PM2.5 exposure and cancer mortality from

2010–2016. The horizontal dashed line represents the reference line for RR = 1, helping to

compare the effect estimates with the null hypothesis; the vertical error bars represent 95%

CIs. The model, by its design, controlled for factors that were stable across the study period or

had similar trend across geographical locations, and also adjusted for spatial-temporal factors

including seasonal temperature and GDP per capita. CI, confidence interval; RR, relative risk.

(TIF)

S4 Fig. Estimated response relationship between wildfire-related PM2.5 and total cancer

mortality, modeledAU : InthetitleofS4Fig : lededisnotastandardEnglishword; andIamnotfamiliarwithit:Pleasecheckthatitiscorrect:by natural cubic splines with 1−4 degrees of freedom. The solid lines

represent the RR, and the shaded areas represent the 95% CI. The model, by its design, con-

trolled for factors that were stable across the study period or had similar trend across geo-

graphical locations, and also adjusted for spatial-temporal factors including seasonal

temperature and GDP per capita. CI, confidence interval; RR, relative risk.

(TIF)

S5 Fig. AU : PleasecheckthattheeditstothetitleforS5Figcaptureyourmeaning:Ifnot; pleaseeditasnecessary:Estimated RRs and 95% CIs for the association between a 1-μg/m3 increase in

2-year average (lag0−1) wildfire-related PM2.5 and non-wildfire-related PM2.5 and mortal-

ity from all cancers and site-specific cancers from 2010–2016. The vertical dashed line rep-

resents the reference line for RR = 1, helping to compare the effect estimates with the null

hypothesis; the error bars represent 95% CIs. The model, by its design, controlled for factors

that were stable across the study period or had similar trend across geographical locations, and

also adjusted for spatial-temporal factors including seasonal temperature and GDP per capita.

p-Values for differences were estimated by fixed-effects meta-analysis with no statistical adjust-

ment, because models were based on the same sample. CI, confidence interval; RR, relative

risk.

(TIF)

S6 Fig. AU : PleasecheckthattheeditstothetitleforS6Figcaptureyourmeaning:Ifnot; pleaseeditasnecessary:Estimated RRs (95% CIs) for the associations between a 1-μg/m3 increase in 2-year

average (lag0–1) wildfire-related PM2.5 and mortality from all cancers and site-specific

cancers from 2010–2016, by sex and age. The horizontal dashed line represents the reference

line for RR = 1, helping to compare the effect estimates with the null hypothesis; the vertical

error bars represent 95% CIs. The model, by its design, controlled for factors that were stable

across the study period or had similar trend across geographical locations, and also adjusted

for spatial-temporal factors including seasonal temperature and GDP per capita. CI,
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confidence interval; RR, relative risk.

(TIF)

S7 Fig. Comparison of the estimated RRs (95% CIs) for the association between a 1-μg/m3

increase in 2-year average (lag0−1) wildfire- and non-wildfire-related PM2.5 and lung can-

cer mortality from 2010–2016, by sex and age. The horizontal dashed line represents the ref-

erence line for RR = 1, helping to compare the effect estimates with the null hypothesis; the

vertical error bars represent 95% CIs. The model, by its design, controlled for factors that were

stable across the study period or had similar trend across geographical locations, and also

adjusted for spatial-temporal factors including seasonal temperature and GDP per capita. CI,

confidence interval; RR, relative risk.

(TIF)

S1 Table. Cancer death counts for common cancer sites by age and sex during 2010–2016

in Brazil.

(DOCX)

S2 Table. Cancer deaths and attributable cancer deaths associated with the 2-year average

wildfire-related PM2.5 exposure of each state in Brazil during 2010–2016.

(DOCX)

S3 Table. Results of sensitivity analyses changing covariates and degrees of freedom of

temperature for total cancer deathsAU : InthetitleofS3Table : Ichangedtotalcancerstototalcancerdeaths:Ifthisisnotcorrect; pleaseeditasnecessary:.

(DOCX)

S4 Table. Results of sensitivity analyses for total cancer and negative control mortalityAU : InthetitleofS4Table : Ichangedtotalcancersandnegativecontroltototalcancerandnegativecontrolmortality:Ifthisisnotcorrect; pleaseeditasnecessary:.

(DOCX)

S1 Text. R code for analysis.

(DOCX)

Acknowledgments

The authors thank the Brazilian Ministry of Health for providing death data.

Author Contributions

Conceptualization: Pei Yu, Yuming Guo.

Data curation: Pei Yu, Rongbin Xu, Shanshan Li, Micheline S. Z. S. Coêlho, Paulo H. N.

Saldiva, Yuming Guo.

Formal analysis: Pei Yu.

Investigation: Pei Yu, Paulo H. N. Saldiva, Yuming Guo.

Methodology: Pei Yu, Rongbin Xu, Shanshan Li, Gongbo Chen.

Project administration: Yuming Guo.

Resources: Micheline S. Z. S. Coêlho, Paulo H. N. Saldiva, Yuming Guo.

Software: Pei Yu, Xu Yue, Gongbo Chen, Tingting Ye.

Supervision: Rongbin Xu, Shanshan Li, Paulo H. N. Saldiva, Malcolm R. Sim, Michael J.

Abramson, Yuming Guo.

Validation: Rongbin Xu.

PLOS MEDICINE Wildfire-related PM2.5 exposure and site-specific cancer mortality

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004103 September 19, 2022 17 / 21

http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004103.s009
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004103.s010
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004103.s011
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004103.s012
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004103.s013
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004103.s014
https://doi.org/10.1371/journal.pmed.1004103


Visualization: Pei Yu.

Writing – original draft: Pei Yu.

Writing – review & editing: Rongbin Xu, Shanshan Li, Xu Yue, Gongbo Chen, Tingting Ye,

Micheline S. Z. S. Coêlho, Paulo H. N. Saldiva, Malcolm R. Sim, Michael J. Abramson,

Yuming Guo.

References
1. Chen G, Guo Y, Yue X, Tong S, Gasparrini A, Bell ML, et al. Mortality risk attributable to wildfire-related

PM2�5 pollution: a global time series study in 749 locations. Lancet Planet Health. 2021; 5(9):e579–87.

https://doi.org/10.1016/S2542-5196(21)00200-X PMID: 34508679

2. Xu R, Yu P, Abramson MJ, Johnston FH, Samet JM, Bell ML, et al. Wildfires, global climate change,

and human health. N Engl J Med. 2020; 383(22):2173–81. https://doi.org/10.1056/NEJMsr2028985

PMID: 33034960

3. Kim Y, Knowles S, Manley J, Radoias V. Long-run health consequences of air pollution: evidence from

Indonesia’s forest fires of 1997. Econ Hum Biol. 2017; 26:186–98. https://doi.org/10.1016/j.ehb.2017.

03.006 PMID: 28460366

4. Johnston FH, Henderson SB, Chen Y, Randerson JT, Marlier M, Defries RS, et al. Estimated global

mortality attributable to smoke from landscape fires. Environ Health Perspect. 2012; 120(5):695–701.

https://doi.org/10.1289/ehp.1104422 PMID: 22456494

5. Cascio WE. Wildland fire smoke and human health. Sci Total Environ. 2018; 624:586–95. https://doi.

org/10.1016/j.scitotenv.2017.12.086 PMID: 29272827

6. Chen H, Samet JM, Bromberg PA, Tong H. Cardiovascular health impacts of wildfire smoke exposure.

Part Fibre Toxicol. 2021; 18(1):2. https://doi.org/10.1186/s12989-020-00394-8 PMID: 33413506

7. Jalilian H, Ziaei M, Weiderpass E, Rueegg CS, Khosravi Y, Kjaerheim K. Cancer incidence and mortal-

ity among firefighters. Int J Cancer. 2019; 145(10):2639–46. https://doi.org/10.1002/ijc.32199 PMID:

30737784

8. Soteriades ES, Kim J, Christophi CA, Kales SN. Cancer incidence and mortality in firefighters: a state-

of-the-art review and meta-analysis. Asian Pac J Cancer Prev. 2019; 20(11):3221–31. https://doi.org/

10.31557/APJCP.2019.20.11.3221 PMID: 31759344

9. Casjens S, Bruning T, Taeger D. Cancer risks of firefighters: a systematic review and meta-analysis of

secular trends and region-specific differences. Int Arch Occup Environ Health. 2020; 93(7):839–52.

https://doi.org/10.1007/s00420-020-01539-0 PMID: 32306177

10. Dong TTT, Hinwood AL, Callan AC, Zosky G, Stock WD. In vitro assessment of the toxicity of bushfire

emissions: a review. Sci Total Environ. 2017; 603–4:268–78. https://doi.org/10.1016/j.scitotenv.2017.

06.062 PMID: 28628818

11. Montibeller B, Kmoch A, Virro H, Mander U, Uuemaa E. Increasing fragmentation of forest cover in Bra-

zil’s Legal Amazon from 2001 to 2017. Sci Rep. 2020; 10(1):5803. https://doi.org/10.1038/s41598-020-

62591-x PMID: 32242044

12. Morais RMd Costa AL. Uma avaliação do Sistema de Informações sobre Mortalidade. Saúde em
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