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Abstract

Background

Scorpion stings in Brazil represent a major public health problem due to their incidence and

their potential ability to lead to severe and often fatal clinical outcomes. A better understand-

ing of scorpionism determinants is essential for a precise comprehension of accident

dynamics and to guide public policy. Our study is the first to model the spatio-temporal vari-

ability of scorpionism across municipalities in São Paulo (SP) and to investigate its relation-

ship with demographic, socioeconomic, environmental, and climatic variables.

Methodology

This ecological study analyzed secondary data on scorpion envenomation in SP from 2008

to 2021, using the Integrated Nested Laplace Approximation (INLA) to perform Bayesian

inference for detection of areas and periods with the most suitable conditions for

scorpionism.

Principal findings

From the spring of 2008 to 2021, the relative risk (RR) increased eight times in SP, from

0.47 (95%CI 0.43–0.51) to 3.57 (95%CI 3.36–3.78), although there has been an apparent

stabilization since 2019. The western, northern, and northwestern parts of SP showed

higher risks; overall, there was a 13% decrease in scorpionism during winters. Among the

covariates considered, an increase of one standard deviation in the Gini index, which cap-

tures income inequality, was associated with a 11% increase in scorpion envenomation.

Maximum temperatures were also associated with scorpionism, with risks doubling for tem-

peratures above 36˚C. Relative humidity displayed a nonlinear association, with a 50%

PLOS NEGLECTED TROPICAL DISEASES

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011435 June 20, 2023 1 / 17

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Chiaravalloti-Neto F, Lorenz C, Lacerda

AB, de Azevedo TS, Cândido DM, Eloy LJ, et al.

(2023) Spatiotemporal bayesian modelling of

scorpionism and its risk factors in the state of São

Paulo, Brazil. PLoS Negl Trop Dis 17(6): e0011435.

https://doi.org/10.1371/journal.pntd.0011435

Editor: Marcelo Larami Santoro, Instituto Butantan,

BRAZIL

Received: November 11, 2022

Accepted: June 5, 2023

Published: June 20, 2023

Copyright: © 2023 Chiaravalloti-Neto 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: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: F.C.N., C.L., M.P., M.B were in part

supported by the Wellcome Trust Seed Award in

Science 217362_Z_19_Z. M.P. and M.B. are partly

supported by the MRC Centre for Environment and

Health, which is funded by the Medical Research

Council (MR/S019669/1, 2019–2024). The funders

had no role in study design, data collection and

https://orcid.org/0000-0003-2121-9063
https://doi.org/10.1371/journal.pntd.0011435
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0011435&domain=pdf&date_stamp=2023-06-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0011435&domain=pdf&date_stamp=2023-06-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0011435&domain=pdf&date_stamp=2023-06-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0011435&domain=pdf&date_stamp=2023-06-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0011435&domain=pdf&date_stamp=2023-06-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0011435&domain=pdf&date_stamp=2023-06-30
https://doi.org/10.1371/journal.pntd.0011435
http://creativecommons.org/licenses/by/4.0/


increase in risk for 30–32% humidity and reached a minimum of 0.63 RR for 75–76%

humidity.

Conclusions

Higher temperatures, lower humidity, and social inequalities were associated with a higher

risk of scorpionism in SP municipalities. By capturing local and temporal relationships

across space and time, authorities can design more effective strategies that adhere to local

and temporal considerations.

Author summary

Scorpions cause approximately 3,000 deaths every year worldwide, second only to snake-

bites in terms of venomous animal-related human accidents due to the potency of their

toxins. Natural habitat extinction combined with accelerated urban expansion have pro-

moted greater contact between humans and many species of wild animals, and conse-

quently increased the number of accidents and fatalities caused by these animals.

Recognizing which environmental conditions are most associated with accident hotspots

can help design better strategies for the control and distribution of anti-scorpion serum,

for example. Here we show that scorpionism occurred more frequently in spring, and it

decreased in winter. The areas with higher temperatures, lower humidity, and social

inequalities were also associated with a higher risk of scorpion envenomation.

Introduction

Accidents caused by venomous animals pose a threat to public health. Among these accidents,

those provoked by scorpions are becoming more frequent in many parts of the world. Owing

to their high incidence and lethality, these fatalities are currently considered a global medical-

sanitary threat [1]. Approximately two billion people live in regions at risk for scorpion stings

worldwide, and each year an estimated 1.2 million people are victims of scorpion stings. Due

to the potency of their toxins, scorpions cause approximately 3,000 deaths every year, second

only to snakebites in terms of venomous animal-related human accidents [2]. Clinical out-

comes caused by scorpion toxins are known as scorpionism or scorpion envenomation [1,3].

Over the last decade, there has been a wide increase in scorpionism reports, particularly in

Brazil, representing a leading cause of fatalities caused by venomous animals in the country

[3]. The main genus of scorpions of medical importance found in Brazil is Tityus, and Tityus
serrulatus (yellow scorpion) is the most dangerous species, causing many fatalities [4]. Due to

its high and rapid proliferation–and good adaptation to urban environments–it is usually

found in all Brazilian regions [4]. Tityus serrulatus are typically nocturnal creatures and can be

located in a variety of habitats, including rock crevices, tree bark, decaying tree trunks, beneath

rocks and leaves, and within burrows and caves. The presence and abundance of these scorpi-

ons in a given area is largely dependent on factors such as temperature, humidity, and the

availability of prey [4].

Natural habitat extinction combined with accelerated urban expansion have promoted

greater contact between humans and wild animals of many species, and consequently

increased the number of accidents and fatalities caused by scorpions [1,5,6]. Recognition of

priority areas for public health actions is crucial for effective decision-making in conditions
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that require allocation of limited resources (e.g., anti-scorpion serum and patient healthcare).

Spatial analysis is a powerful tool that can be used to integrate many types of information, eval-

uate cost-benefit of interventions, and aid evidence-based decision-making in well-defined

regions [7].

We previously conducted a descriptive study of scorpionism in the state of São Paulo (SP)

[8], where we described the epidemiological profiles of accidents and deaths in all municipali-

ties of the state from 2008 to 2018. In a second study, we compared the demographic, environ-

mental, and climatic characteristics of the higher- and lower-risk areas in SP for scorpion

envenomation [9]. In the present study, we (i) modeled the spatio-temporal variability of scor-

pionism across 645 municipalities in SP for the period of 2008–2021 using a Bayesian hierar-

chical approach and (ii) investigated its relationship with demographic, socioeconomic,

environmental, and climatic variables. Our hypothesis is that the incidence of scorpionism in a

specific region is greatly influenced by both socio-economic and climatic factors.

Methods

Ethics statement

The present study was developed using secondary data provided by the CVE (Secretary of

Health of the state of São Paulo). The data form which was anonymized without names or

addresses, and scorpion accidents were aggregated by municipality and year. The protocol for

the present study was submitted for approval by the institutional ethics review board of the

University of São Paulo School of Public Health (COEP FSP/USP, CAAE approval record

10457119.6.0000.5421, protocol number 3408558) and no consent was required because we

used anonymized secondary data.

Study area and data collection

São Paulo is located in the southeastern region of Brazil, has an area of around 248,210 km2, a

population of around 45 million (21.8% of Brazil’s population), and accounts for 33.5% of the

national GDP. The median monthly income per capita in 2021 was around US$ 348, but there

is huge variation between municipalities reflecting the inequalities present in the state. Cur-

rently, 19.28% of the state is covered with native vegetation remnants [10], which mainly

include the Cerrado biome and the Atlantic Forest. Eucalyptus plantations, sugar cane, and

cattle pastures are the predominant agricultural land uses, accounting for approximately 39%

of the state’s area [11]. Regarding the climate, São Paulo has three major climate zones. The

Koppen-Ginger classification categorizes the western plateau as having a tropical climate

(Aw), marked by wet summers and dry winters. The high-altitude regions of the Atlantic pla-

teau and basaltic cuestas have a high-altitude tropical climate (Cwa and Cwb), featuring hot

summers and cold winters. The low-lying coastal area has a humid tropical climate (Af), with

hot and humid conditions throughout the year. Rainfall varies, with an average of 1,600 mm

on the south coast and 2,700 mm on the north coast.

We analyzed data on scorpionism reported between 2008 and 2021 in 645 municipalities of

SP which are aggregated into 17 Regional Health Departments (RHDs) (Fig 1). Data on con-

firmed cases of scorpion envenomation were obtained from notification forms in the Notifi-

able Diseases Information System (SINAN) of each municipality, available from the Centre for

Epidemiological Surveillance of SP. The data were analyzed in aggregated form (by municipal-

ity), so the confidential and specific information of each patient was not accessed, and the con-

sent to data processing was not needed.

Geographic and demographic information on the municipalities were obtained from the

Brazilian Institute of Geography and Statistics (IBGE), including the shape files of the study
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regions. In terms of environmental variables, we chose those most related to the scorpion life

cycle according to previous literature [12,13]: total precipitation (mm), percentage of natural

vegetation [14], maximum temperatures (˚C), relative humidity (%), and intensity of El Niño-

Southern Oscillation (ENSO). We also considered seasonal effects for each year, as reported by

previous studies [8,9]. Since there are specific population groups that are more vulnerable to

scorpionism, especially those living in poorer areas [15], we also included the following socio-

economic indicators (Fig 2): the Gini index [16], the Human Development Index (HDI) [17],

the percentage of rural population, water supply, and garbage collection. The Gini coefficient

captures income inequality, and HDI is a composite index that includes three elements:

Fig 1. Study area. (A) State of São Paulo in Brazil and South America and (B) municipalities and Regional Health Departments (RHDs)

of the state of São Paulo. Base layer of map: https://www.ibge.gov.br/geociencias/organizacao-do-territorio/malhas-territoriais/

15774-malhas.html?=&t=acesso-ao-produto.

https://doi.org/10.1371/journal.pntd.0011435.g001

Fig 2. Conceptual framework of scorpionism. We used variables related to human populations (green arrow) and

scorpion populations (blue arrow). Not all were included in the statistical models due to collinearity. See the text for

details. Source of icons: https://openclipart.org/.

https://doi.org/10.1371/journal.pntd.0011435.g002
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standard of living, life expectancy, and literacy level. All municipality-scale socioeconomic

covariates were obtained from the IBGE [18]; the latest available data are for 2010 (last census),

and will be used in this analysis to represent of the entire period under study. Environmental

and climatic variables were obtained for each season (4) and year (14) combination from the

DAEE [19], ESALQ-USP [20], CIIAGRO [21] and IAC [22]. In this study we defined the sea-

sons as follows: "summer" in the months of January- March; "autumn" in the months of April

—June; "winter" in July-September; and "spring" in October—December. To access the vari-

ables for each season of the year, we aggregated maximum temperatures based on hourly

reports, and considered the average of relative humidity.

Data analysis

The observed data on scorpion envenomations were aggregated by sex and age for each season

in each year and municipality. Then, using indirect standardization and the entire study region

over the whole period as a reference population, we obtained the expected values after adjust-

ing for age and sex (S1 Appendix). The ratio of observed to expected values represents the

standardized morbidity ratio (SMR) for each municipality, season, and year. An exploratory

analysis was performed to identify outliers, evaluate the relationship between the response var-

iable (log of SMR) and covariates, and assess potential collinearity among covariates. To do so,

we calculated the variance inflation factors (VIF) for a multilinear regression. In accordance

with Zuur et al. [23], we considered a VIF larger than 3.00 to indicate collinearity. All continu-

ous covariates were standardized by subtracting the mean and dividing by the standard

deviation.

Our response variable was the observed number of accidents in each municipality, season,

and year, which we considered to be Poisson distributed. We included the log of the expected

values in these models as an offset; therefore, the estimates were expressed as log relative risks

(RR). On the log RR, we first specified a disease mapping model to estimate the spatiotemporal

variability in scorpion envenomations for the 645 municipalities and each season over the 14

years considered. The model included a global intercept and spatial, temporal, and spatiotem-

poral random effects. As a second step, we ran an ecological regression model, including

covariates, while retaining the random effects. The models were framed from a Bayesian per-

spective, and statistical inference was performed using the Integrated Nested Laplace Approxi-

mation approach (INLA) [24]. The priors for fixed effects (regression coefficients and global

intercept) were specified as Gaussian, centered on 0, and with a large variance (minimally

informative). The spatial random effects were modeled flexibly to allow for local dependency

(i.e., municipalities sharing borders were more likely to be similar) as well as global similarities

(i.e., all the municipalities were considered similar as part of the study region) letting the data

inform about the relative weight of the two [25]. We used the Queen contiguity weight matrix

to represent the local dependency among the municipalities. Similarly, on the temporal ran-

dom effects, we specified the combination of (i) a structured random effect modeled as ran-

dom walk of order one (RW1), two (RW2), or autoregressive of order one (AR1), and (ii) an

unstructured random effect assuming similarities across all time points in the study. For com-

parison, we additionally evaluated a parametric trend for the temporal component of the mod-

els [26]. Finally, we considered an unstructured spatio-temporal interaction, assuming

similarity in space and time after accounting for the main spatial and temporal effects (type I

interaction effect) [27]. The priors on the precision of the random effects were specified fol-

lowing Simpson et al. [28], who suggested penalizing model complexity. In particular, they

penalized departure from the base model (assuming a constant RR over all areas or time

points, i.e., no spatial or temporal variation). We considered all the covariate effects to be
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linear, except for precipitation and relative humidity, on which we assumed nonlinear rela-

tionships with the response variable through RW1 and RW2. As the relationship between tem-

perature and the response variable was less clear, we considered both linear and nonlinear

effects (through RW1 and RW2 models). We calculated the Watanabe Akaike Information

Criteria (WAIC) for models comparison, choosing the models with the lowest WAIC values

[29]. The detailed mathematical specification of the Bayesian hierarchical models is presented

in the S1—Mathematical specification of the Bayesian hierarchical models. We ran our models

using the R program version 4.2.1 [30] and R-INLA version 22.05.07 [31]. We made the data-

base (S1 Database), the map of the municipalities of state of São Paulo (S1 Map) and the final

code (S1 Code) of our modelling approach available for the readers.

Results

The incidence rate of scorpion envenomation in SP was 30.8 cases per 100,000 inhabitant-

years over the entire period from 2008 to 2021, corresponding to more than 250 thousand

notifications in SINAN. Among the covariates, there were outliers in the percentages of natural

vegetation and rural population, and these were transformed using the square root. Maximum

temperature, total precipitation, and relative humidity did not exhibit a linear relationship

with the response variable. Using VIF and considering all covariates, we obtained values for

total precipitation, relative humidity, and seasonal effects above 3.00, which is the suggested

threshold to check for collinearity. While removing relative humidity did not improve the

VIF, we found that removing total precipitation resulted in a VIF value below 3; therefore, we

used this model specification.

First, we ran the disease-mapping model, and the one with the lowest WAIC is the model

with RW1 as the structured temporal random effect (S1 Table). We then compared the follow-

ing ecological regression models: (i) including all covariates and assuming that relative humid-

ity has a nonlinear relationship with the response variable; (ii) including all covariates and

assuming that relative humidity and maximum temperature have a nonlinear relationship

with the response variable. The model that presented the lowest WAIC (our final ecological

regression) was the one with the maximum temperature and relative humidity modeled as

nonlinear through a RW1, and RW2 as the structured temporal random effect (S1 Table).

The curve of the disease mapping model shows that the relative risk of occurrence of scor-

pion envenomation increased continually from 2008 to 2021 in SP, rising from 0.47 (95%CI

0.43–0.51) to 3.57 (95%CI 3.36–3.78) in natural scale; in general, higher values were seen in

spring and lower values (except in 2021) in autumn (Fig 3). The temporal curve of the final

ecological regression model presented lower values and a larger 95%CI than the curve of the

disease-mapping model. This shows that part of the temporal variability in scorpionism was

explained by the considered covariates.

Considering the disease-mapping model and the entire period, the values showed large spa-

tial variability across the municipalities of SP, ranging from 0.0 to 18.9, with some presenting

the risk of occurrence of scorpionism almost 19 times the average value for the entire period

and state (Fig 4A). Municipalities with higher risks were located in the western, northern, and

northwestern parts of SP. The most affected RHDs were Araçatuba, Barretos, Franca, Presi-

dente Prudente, and São José do Rio Preto (Figs 1 and 4).

Our ecological regression model suggests that the spring and summer seasons are risk fac-

tors, showing a 31% and 23% increase in scorpionism risk compared to autumn, respectively

(Table 1). In winter, we saw a decrease of 13% in scorpion envenomations. On the other hand,

natural vegetation and ENSO showed no significant association with accidents. Higher tem-

peratures and lower humidity were associated with a higher risk of accidents (Fig 5). In
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particular, for temperatures between 18 and 27˚C, the RR ranged between 0.73 (95%CI 0.56–

0.94) and 0.93 (95%CI 0.88–0.98), respectively. For higher temperatures, from 34 to 37˚C, RR

ranged from 1.09 (95%CI 1.02–1.16) to 1.84 (95%CI 1.42–2.25), respectively. Relative humidity

increasing from 27 to 33% corresponded to an increase in accident risks ranging from 1.26

(95%CI 1.01–1.56) to 1.66 (95%CI 1.45–1.89). However, for relative humidity between 34 and

84%, the RR decreased steadily from 1.54 (95%CI 1.36–1.73) to 0.71 (95%CI 0.54–0.93). S1

and S2 Figs show relative humidity and maximum temperatures in each municipality of the

state of São Paulo, respectively.

The Gini index was the only socioeconomic variable that showed a positive association with

the response variable, with an increase of one standard deviation corresponding to a 11%

increase in accident risk. The purpose of the Gini index is to demonstrate the distribution of

income within an economy (S3 Fig). In other words, a higher value of the Gini index indicates

a higher degree of economic inequality in a given area. Other factors considered in our model

such as rural population, HDI, water supply, and garbage collection, showed no significant

association with accidents (Table 1).

Fig 3. Temporal relative risks. Posterior means and 95% credible intervals of the temporal relative risks (natural

scale) obtained from the temporal random effects of (A) the disease mapping model and (B) of the full model for the

occurrence of scorpion envenomation in the state of São Paulo by season from 2008 to 2021.

https://doi.org/10.1371/journal.pntd.0011435.g003
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Our data revealed a significant increase in the risk of scorpion accidents between 2008 and

2021, with spring being the season with the highest risk, and the western, northwestern, and

northern regions of SP being the most affected areas (Fig 6). Regarding the predicted RR for

Fig 4. Spatial relative risks. Posterior means of the spatial relative risks (natural scale) obtained from the spatial

random effects of (A) the disease mapping model and (B) the final full model for the occurrence of scorpion

envenomation in the municipalities of São Paulo, 2008–2021. The municipalities are grouped by Regional Health

Departments (see Fig 1). Base layer of map: https://www.ibge.gov.br/geociencias/organizacao-do-territorio/malhas-

territoriais/15774-malhas.html?=&t=acesso-ao-produto.

https://doi.org/10.1371/journal.pntd.0011435.g004
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the full model considering each municipality, we showed that the risk for scorpionism

increased in almost all municipalities of SP from 2008 to 2021 (Fig 7).

Discussion

SINAN reported a progressive increase in the number of notifications related to venomous

animals each year in Brazil [6,32]. Our analysis revealed an upward trend in the number of

scorpion accidents in SP: from the spring of 2008 to 2021, the RR increased eight times. This

growth trend is corroborated by studies in other states of the Brazilian southeast [33] and

northeast regions [34,35]. It is unknown how much of the increase can be attributed to

improvements in the notification system, but also reveals the worrisome affinity of many scor-

pion species for anthropically modified environments, which consequently enhanced their

contact with humans [2,36]. Unplanned urban growth, indiscriminate use of natural resources,

industrialization, and ecological imbalance induce the spread of some venomous species and

increase the overlap between the areas used by these animals and humans [35,37]. Amado

et al. [36] confirmed the affinity of T. serrulatus for altered environments, as its modeled distri-

bution was highly correlated with human population density in Brazil. The preference of this

species for anthropically modified environments appears to be related to its parthenogenetic

reproduction, as this type of reproduction is frequent in uniform environments such as urban

areas [12]. The growth of cities can also be considered as another determining factor in the

proliferation of scorpions, as the generation and accumulation of debris play a key role in the

availability of breeding habitats, as they facilitate the spread of cockroaches and other insects

that are food sources.

Table 1. Final full ecological regression models. Posterior means and 95% credible intervals (95% CI) of the relative

risks (RR) for the covariates (in natural scale) in the disease mapping and final full ecological regression models for the

occurrence of scorpion envenomation, municipalities of the state of São Paulo, 2008 to 2021. The cells in bold indicate

that the 95% CI do not include the null risk of one.

Intercept/Covariates RR 95% CI

Disease mapping model + random effects 0.73 0.69–0.76

Full model

Intercept 0.68 0.62–0.75

Seasons Autumn 1.00 -

Winter 0.87 0.78–0.97

Summer 1.23 1.09–1.39

Spring 1.31 1.16–1.48

ENSO–El Niño Southern Oscillation Neutral 1.00 -

El Niño strong 1.06 0.83–1.33

El Niño moderate 0.89 0.75–1.05

El Niño weak 0.95 0.85–1.06

La Niña weak 1.14 0.99–1.30

La Niña moderate 1.02 0.80–1.28

La Niña strong 1.14 0.94–1.36

Square root of the natural vegetation 0.96 0.88–1.06

Square root of the rural population 0.98 0.91–1.06

Municipal human development index 0.95 0.87–1.04

Gini index 1.11 1.01–1.23

Percentage of population with water supply 1.03 0.94–1.13

Percentage of population with garbage collection 1.06 0.98–1.14

https://doi.org/10.1371/journal.pntd.0011435.t001
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Our results showed that RR increased continually from 2008 to 2018; however, since 2019,

there has been an apparent stabilization in the number of cases. One hypothesis that can be

raised is the underreporting of cases due to the COVID-19 pandemic, especially in 2020 and

2021 [38]. The efforts of epidemiological surveillance teams in several municipalities likely

concentrated on facing the COVID-19 pandemic and this may have been reflected in the scor-

pion survey. Moreover, as people spent more time at home, they took more time to care and

clean their backyards, reducing ideal habitats for scorpions.

Our findings showed that the spring and summer seasons were the periods with the highest

risks, showing, respectively, 26% and 19% increase in scorpion accident risks compared to

autumn, while winter showed a decrease of 13% in accident risks. The state of SP is located in

a tropical area, and the four seasons of the year are not well defined. Nevertheless, spring tends

to exhibit high temperatures. Related findings have been reported in other Brazilian regions

[39,40] and other countries [41–44] where scorpion envenomation have been more recurrent

during the hotter seasons of the year. However, some studies [1] indicate constant scorpion

incidents over all months of the year, which could be explained by ideal climatic conditions

and abundant food throughout the year [1,9]. The results from our model suggest that maxi-

mum temperature is a risk factor, whereas relative humidity is a protective factor against the

occurrence of scorpion accidents. Comparing Figs 4 and 6 with S1 and S2 Figs, it can be seen

that the regions with higher scorpion accident rates are the same regions with higher maxi-

mum temperatures and lower relative humidity. Scorpions are animals that are extremely

Fig 5. Relationship of scorpionism with environmental variables. Posterior relative risks (natural scale) representing

the relationship among the (A) maximum temperature and (B) relative humidity with the scorpion accidents,

municipalities of state of São Paulo, Brazil, 2008 to 2021.

https://doi.org/10.1371/journal.pntd.0011435.g005
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adaptable to extreme environmental conditions [45], and they are particularly abundant in

desert areas [46].

Municipalities with higher risk were located in the western, northern, and northwestern

parts of SP. The most affected RHDs were Araçatuba, Barretos, Franca, Presidente Prudente,

Fig 6. Predicted spatial relative risks. Posterior means of the predicted relative risks in natural scale obtained from the ecological

regression model, for the four seasons of 2008 and 2021, municipalities of the state of São Paulo. The municipalities are grouped by

Regional Health Departments (see Fig 1). Base layer of map: https://www.ibge.gov.br/geociencias/organizacao-do-territorio/

malhas-territoriais/15774-malhas.html?=&t=acesso-ao-produto.

https://doi.org/10.1371/journal.pntd.0011435.g006
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and São José do Rio Preto, as described previously [8,9]. Other studies have also implicated

these areas as hotspots of medical concern for scorpionism [47]. All higher-risk regions

detected here also exhibited higher temperatures and lower precipitation, corroborating our

model. Our findings are also in agreement with those of Moradiasl et al. [48] and Amado et al.

[36], who reported that air temperature and precipitation are key variables that influence the

distribution of scorpions in Iran and Brazil, respectively. Rafinejad et al. [49] analyzed climatic

variations as crucial elements for the presence of scorpions in Iran, as well as their stimulated

life cycle and maturation. Many other studies carried out in Brazil reveal that climatic variables

play a key role in the distribution of scorpions and, consequently, accidents [50]. Given the

increasing effects of climate change and deforestation on Brazilian biomes, it is expected that

the scorpion population will grow and lead to a surge in scorpionism, unless measures are

taken to prevent it from happening [50]. To address this issue, the implementation of educa-

tional programs for the prevention and treatment of scorpion envenomation, aimed at com-

munity members and health workers, could be a valuable public health policy to help reduce

the rising number of incidents.

In our model, the Gini index showed a positive association with scorpionism since an

increase of one standard deviation represented a 13% increase in accident risk. The higher the

Gini coefficient, the greater the income inequality, and consequently, the greater the differ-

ences in housing conditions and access to healthcare. Poor housing conditions and a lack of

basic sanitation were found to be associated with an increase in scorpionism in Sergipe, Brazil

[51]. The association between areas with many accidents and those with high vulnerability has

also been reported by Almeida et al. [15]. A higher incidence of scorpion stings usually appears

in regions of older and crowded favelas, characterized by inefficient basic sanitation and other

substandard housing conditions [52]. Many municipalities located in the western, northern,

and northwestern parts of the SP experienced a verticalization process and increased urbaniza-

tion which has led to more suitable anthropogenic habitat for scorpions.

Fig 7. Predicted temporal relative risks. Posterior means of the predicted relative risk in natural scale of the full

ecological regression model for the municipalities of the state of São Paulo presented in boxplot for each season and

year from 2008 to 2021.

https://doi.org/10.1371/journal.pntd.0011435.g007
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The other variables investigated (including ENSO, natural vegetation, rural population,

water supply, garbage collection, and HDI) did not show evidence of an association with acci-

dent risks. However, caution is needed when interpreting these results, as this is an ecological

study, and an ecological fallacy could have been induced. Commonly, the “ecological fallacy”

refers to the error of assuming that statistical relationships at a group level also hold for indi-

viduals in the group [53]. However, it is increasingly recognized that population-level research

plays a crucial role in characterizing the most important public health issues to be tackled and

in developing hypotheses regarding their probable causes. Future studies of the individual risk

for scorpionism, such as cohort or case-control approaches, should be carried out to confirm

whether the variables analyzed here are actual risk factors.

Regarding the limitations of this study, we highlight the use of secondary data, which has

already been collected and recorded by health facilities. A possible bias could be associated with

this issue; the notification system is susceptible to underreporting, which can show incidences

lower than real occurrence numbers. Nevertheless, the system has been enhanced over time,

which is reflected in both the increase in notifications and in the requirements for health care [2].

Despite these limitations, the SINAN database of the Brazilian Ministry of Health was considered

to be an essential tool for conducting several epidemiological studies, given that it is the official sys-

tem for reporting diseases and health accidents in Brazil [1]. In addition, the socioeconomic vari-

ables used in our analysis are outdated; to date, there is only information from the last census

carried out by the IBGE in 2010. Another limitation is that we did not consider data regarding the

infestation and abundance of scorpion species in SP. However, this is the first study to evaluate the

relationship with potential risk factors while accounting for spatiotemporal dependencies over

such a long period. In addition, spatiotemporal data naturally accounts for residual confounding

[54]. Our study offers a methodology for investigation that can provide indications of geographical

areas and seasonal periods that are at higher risk for accidents, thereby generating insights for the

development of effective intervention strategies, which should be locally and temporally targeted.

The Brazilian Ministry of Health [4] suggests taking preventive measures such as keeping

households and surrounding areas clean and free of piled up waste, sealing doors, windows,

drains, and walls to prevent scorpions from entering homes, checking shoes and clothing

before putting them on, removing potential scorpion prey like cockroaches, and attracting nat-

ural scorpion predators like birds, lizards, and frogs [50]. Effective control of scorpions, similar

to the control of mosquito-borne diseases, requires active participation and engagement from

communities. Both scorpions and mosquitoes are urban pests that affect households, and les-

sons can be learned from existing vector control strategies. However, engaging communities is

a complex process that goes beyond simply sharing information. It is essential to involve stake-

holders in decision making and actions, and to have a deep understanding of the socio-politi-

cal, economic, and cultural context of the communities to be able to establish meaningful

dialogue and develop successful plans that foster community involvement [50].

Our results indicate that reducing the negative effects of scorpion envenomation requires a

collaborative effort from multiple teams, such as environmental management, healthcare

workers, researchers, and the general public. Destoumieux-Garzón et al. [55] have stated that

the concepts of human health, public health, sanitation, environmental health, and animal

health are interrelated. This accumulated knowledge gave rise to the term "one health," recog-

nizing that human activities and factors connected to socioeconomic and environmental cir-

cumstances can worsen the occurrences of diseases, fatalities, and injuries, particularly among

vulnerable populations. Therefore, further in-depth studies that focus on individuals are neces-

sary to gain a better understanding of the epidemiology of scorpion incidents, and this infor-

mation can be used to develop educational healthcare measures to enhance the support

provided to those who have been affected.
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Conclusion

This study showed that the RR of scorpion accidents in the state of São Paulo increased eight-

fold between 2008 and 2021. Municipalities with higher risk were in the western, northern,

and northwestern parts of the SP. The most affected RHDs were Araçatuba, Barretos, Franca,

Presidente Prudente and São José do Rio Preto. Accidents occurred more frequently in spring,

while winter showed a protective effect, with a decrease of 13% in accident risk. In our model,

the Gini index, which captures income inequality, shows a positive association with scorpion-

ism. Other variables such as higher temperatures and lower humidity were also associated with

a higher risk of accidents in the municipalities, corroborating what has been found in other

surveys in Brazil and other countries. Future studies based on individual scorpionism, such as

cohort or case-control approaches, should be conducted to confirm whether the variables ana-

lyzed here are actual risk factors. Additionally, future studies also should address issues related

to the process of land occupation as well as the economic functions performed by municipali-

ties and relate them to socio-environmental determinants.
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22. Instituto Agronômico. Monitoramento Climático do Estado de São Paulo Available at: https://www.iac.

sp.gov.br/ (accessed Nov 2022).

23. Zuur AF, Ieno EN, Elphick CS. A protocol for data exploration to avoid common statistical problems.

Methods Ecol Evol. 2010; 1(1), 3–14.

24. Lindgren F, Rue H. Bayesian spatial modelling with R-INLA. J Stat Softw. 2015; 63, 1–25.

25. Riebler A, Sørbye SH, Simpson D, Rue H. An intuitive Bayesian spatial model for disease mapping that

accounts for scaling. Stat Methods Med Res. 2016; 25(4), 1145–1165. https://doi.org/10.1177/

0962280216660421 PMID: 27566770

26. Bernardinelli L, Clayton D, Pascutto C, Montomoli C, Ghislandi M, Songini M. Bayesian analysis of

space–time variation in disease risk. Stat. Med. 1995; 14, 2433–2443. https://doi.org/10.1002/sim.

4780142112 PMID: 8711279

27. Blangiardo M, Cameletti M. Spatial and spatio-temporal Bayesian models with R-INLA. 2015. John

Wiley & Sons.

28. Simpson M, Hashemi F, Lakshmanan LV. Misinformation mitigation under differential propagation rates

and temporal penalties. arXiv preprint. 2022; arXiv:2206.11419.

29. Watanabe S, Opper M. Asymptotic equivalence of Bayes cross validation and widely applicable infor-

mation criterion in singular learning theory. J Mach Learn Res. 2010; 11(12).

30. R Core Team. R: A Language and Environment for Statistical Computing. 2022; Published online.

www.r- proje ct. org/.

31. Rue H, Martino S, Chopin N. Approximate Bayesian inference for latent Gaussian models by using inte-

grated nested Laplace approximations. J. Roy. Stat. Soc. 2009; 71, 319–392. https://doi.org/10.1111/j.

1467–9868.2008.00700.x
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