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Abstract At the end of 2019, the outbreak of
COVID-19 was reported in Wuhan, China. The
outbreak spread quickly to several countries, be-
coming a public health emergency of internatio-
nal interest. Without a vaccine or antiviral drugs,
control measures are necessary to understand the
evolution of cases. Here, we report through spa-
tial analysis the spatial pattern of the COVID-19
outbreak. The study site was the State of Sio Pau-
lo, Brazil, where the first case of the disease was
confirmed. We applied the Kernel Density to ge-
nerate surfaces that indicate where there is higher
density of cases and, consequently, greater risk of
confirming new cases. The spatial pattern of CO-
VID-19 pandemic could be observed in Sdo Paulo
State, in which its metropolitan region standed
out with the greatest cases, being classified as a
hotspot. In addition, the main highways and air-
ports that connect the capital to the cities with the
highest population density were classified as me-
dium density areas by the Kernel Density method.
It indicates a gradual expansion from the capital
to the interior. Therefore, spatial analyses are fun-
damental to understand the spread of the virus
and its association with other spatial data can be
essential to guide control measures.

Key words Coronavirus, Respiratory disease,
Pandemic, Kernel density

Resumo No final de 2019, o surto de COVID-19
foi relatado em Wuhan, China. O surto se espal-
hou rapidamente para vdrios paises, tornando-se
uma emergéncia de satide puiblica de interesse in-
ternacional. Sem uma vacina ou medicamentos
antivirais, medidas de controle sdo necessdrias
para entender a evolugio dos casos. Neste estudo,
relatamos por andlise espacial o padrio espacial
do surto do COVID-19. Nosso local de estudo foi
no estado de Sio Paulo, Brasil, onde o primeiro
caso da doenga foi confirmado. Aplicamos o mét-
odo “Kernel Density” para gerar superficies que
indicam onde hd maior densidade de casos e,
consequentemente, maior risco de confirmagdo de
novos casos. O padrio espacial da pandemia de
COVID-19 foi observado no estado de Sdo Pau-
lo, em que a regido metropolitana do estado foi
a que apresentou a maior quantidade de casos,
sendo classificada como um “hot spot”. Além disso,
as principais rodovias e aeroportos que conectam
a capital as cidades com maior densidade popu-
lacional foram classificadas como dreas de média
densidade pelo método “Kernel Density” Isso
indica uma expansdo gradual da capital para o
interior. Portanto, as andlises espaciais sdo fun-
damentais para entender a disseminagdo do virus
e sua associagdo com outros dados espaciais pode
ser essencial para orientar as medidas de controle.
Palavras-chave  Coronavirus, Doenca respi-
ratéria, Pandemia, Densidade de Kernel
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Introduction

At the end of 2019, the abrupt outbreak of the
coronavirus disease (COVID-19), (caused by
Coronavirus 2 of the Severe Acute Respiratory
Syndrome - SARS-CoV-2) in Wuhan City, China,
required mitigation and containment measures
that brought to a halt the most populous coun-
try in the world'?. COVID-19 was characterized
as an acute respiratory disease that may turn into
pneumonia with symptoms such as fever, cough
and dyspnea. It has an approximate fatality rate of
2-3%?* and a high potential for contagion, which
has led its incidence to increase exponentially.

COVID-19 widespread transmission was
recognized by the World Health Organization
(WHO) as a pandemic. Pandemics are spreads
of infectious disease that lead to a rapid raise in
the number of deaths. They have been around
for centuries and historically reported in differ-
ent parts of the world, including the recent Eb-
ola spread in West Africa in 2015. The accelera-
tion of the urbanization and interconnectedness
of communities contribute significantly to the
spread of diseases**. COVID-19 was considered
to have been initially controlled in China. None-
theless, the pandemic situation is still severe and
grim in the other parts of the world'. By the date
of 18" May, 2020, there were more than four mil-
lion confirmed COVID-19 cases worldwide.

In Brazil, the Ministry of Health confirmed
the first case on 25" February 2020, which repre-
sented the first confirmed case in Latin America®.
From then on, a series of preventive measures
began, such as social distance, the use of masks,
among other measures, drastically influencing
everyone’s work and living environments. Dubi-
ous and false information about factors related
to virus transmission, incubation period, geo-
graphic reach, number of infected, and the actual
mortality rate has led to the aggravation of the
situation’. By 13" May 2020, in Brazil there were
more than 293.000 confirmed cases.

Mapping of disease has become an essential
public health instrument. In this context, the use
of Geographic Information System (GIS) tech-
nology is a valuable tool to solve complex plan-
ning and management problems and support de-
cision making in disaster management cycle and
spread of epidemics*®!°. These technologies and
its rapid development and advances have provid-
ed innovative possibilities for studying the health
situation and its trends, thus allowing better un-
derstanding of the socioeconomic and environ-
mental factors.

Spatial analysis enables implementation of
health programs that include several municipali-
ties or regions of a State, thus playing an import-
ant role in public health diagnosis and planning.
Kernel density estimation (KDE) is an important
method for mapping spatial patterns of point
events and several studies have been proposed in
183 criminology', public health and ep-
1516 and among other fields. Previous
studies have already described the spatial pattern

ecology
idemiology

of SARS'8, However, few literature survey has
been found using KDE for these purposes. Lai
et al.”” used GIS technology and geostatistical
methods such as KDE to analyze the patterns of
disease spread of SARS outbreak in Hong Kong.
The authors mentioned that its use can offer a
scientifically rigorous and quantitative method
for identification of unusual disease patterns.

COVID-19 has become a major public health
challenge in all countries and its behavior and im-
pacts are still unknown. Therefore, investigating
its spread pattern is fundamental aiming to guide
the next steps towards overcoming this crisis.
Given that Sdo Paulo is the most populous State
of Brazil, the objective of this paper is to spatial-
ize the confirmed cases of COVID-19 across the
State and relate to demographic data using the
KDE method to indicate areas of greatest risk of
spread. Specifically, our goals are: (I) geographi-
cally spatialize the cities that confirmed positive
cases of COVID-19; (ii) spatially the number of
cases in each city; (iii) analyze the demographic
density of each city. Finally, we crossed-check all
information with data from the main highways
to identify a pattern in the development of the
disease.

Material and methods
Study area

The State of Sdo Paulo is located in the south-
east of Brazil (Figure 1), being the most popu-
lous State of the country, with an area of approx-
imately 248.173 km?, which corresponds to 2.9%
of the Brazilian territory. Its capital is the City of
Sdo Paulo, the largest urban concentration in the
country. The Sdo Paulo administrative structure
is composed of 646 municipalities and the pop-
ulation density is heterogeneous over the State®.

The estimated population in 2019 for the
State of Sao Paulo is 45,919,049 inhabitants®.
Moreover, Sdo Paulo has the main airport of
Brazil, the Sdo Paulo-Guarulhos International
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Figure 1. Location of Sao Paulo State and the Metropolit:

Airport, with non-stop passenger flights sched-
uled to 103 destinations in 30 countries, and 52
domestic flights, connecting not only with major
cities in Latin America but also with direct flights
to North America, Europe, Africa and the Middle
East (Dubai)®.

This first documented case in Brazil was a 61
years-old man, who traveled from 9 to 20" Feb-
ruary, 2020, to Lombardy, northern Italy, where
a significant outbreak was ongoing®. He arrived
home on 21 February, 2020, and was attended at
the Hospital Albert Einstein in Sdo Paulo, Brazil.
By 13" May 2020, it was the state with the highest
incidence of COVID-19.

Data description

The data used were acquired from the col-
laborative platform Brasil.io (https://brasil.io/
home/), which is dedicated to compiling all in-
formation, in real-time, using the bulletins from
the State health departments. The platform was
chosen because it has the advantage of delivering
these data with the geocode of each city, making

an Region of Sao Paulo (MRSP) in Brazil.

it easier to insert the data into a GIS. We select-
ed the date of 13" May, 2020 to start performing
the data analysis. On this date, 51,097 confirmed
cases were registered in 433 municipalities. Also
on this data, Brazil overcame 13,000 deaths con-
firmed by COVID-19. Data from 40 cases were
excluded for not having information on the place
of residence.

The data were analyzed and processed in GIS
environment (QGIS version 3.8), with meshes
and vector points that consider the municipal-
ities with confirmed cases, as well as the poly-
gons of the municipal limits. QGIS is an Open
Source Geographic Information System for
analysis. The digital mesh of the 645 municipal-
ities was obtained from the Brazilian Institute of
Geography and Statistics (IBGE). We geocoded
all COVID-19 cases and matched them to the
city-level layers of polygon and point by using
QGIS 3.8 software. We also set up all layers for
the Coordinate Reference System in the SIRGAS
2000 / UTM zone 228.

It should be noted that the data is constantly
updated. On the portal, it is possible to obtain
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the number of cases per municipality. This is an
ecological study in Sao Paulo State, using spatial
analysis as data processing technique. Municipal-
ities were used as the geographical units of anal-
ysis. This study did not require submission to the
Ethics and Research Committee, as it uses public
access data, available on the Brasil.io website.
Demographic and road data were also used
to complement the analysis. In fact, we used data
from the main highways that cross the State of
Sdo Paulo. The highways were acquired through
shapefile files downloaded from the National De-
partment of Infrastructure Transport (DNIT)?'.
The demographic data were obtained from the
platform DATAGEO - Sistema Ambiental Pau-
lista. We used the most recent demographic data
available, which belongs to the year of 2018.

Kernel density

To explore the spatial distribution pattern of
COVID-19 cases on the State level, we applied
Kernel Density Estimation (KDE). This meth-
odology is based on points, so it is necessary to
link information to a specific point in the space®.
KDE is a non-parametric method that uses lo-
cal information defined by windows (also called
kernels) to estimate densities of specified features
at given locations. According to Silverman®, the
kernel density estimator can be defined as:

x-X

. 1
f(x):W iy K (1)

where:  is the bandwidth or smoothing pa-
rameter, K is the Kernel and f (x) is the estima-
tor of the probability density function f. The Xi
are the n sample values (objective function value
of the solutions generated by the # iterations of
the stochastic search algorithm. Thus, the Kernel
estimator depends on bandwidth (h) and Kernel
density (K).

The surface value is the highest at the point
location and reduces with increasing distance
from the point, reaching zero at the search ra-
dius distance from the point. Only a circular
neighborhood is possible. The volume under the
surface equals the Population field value for the
point, or one if NONE is specified*. Using KDE,
we could identify the type and the spatial distri-
bution pattern, including significant hot spots,
medium spots, and cold spots. Here, the catego-
rization was separated in five categories i.e. Very
low, low, medium, high and very high based on
their associated case densities.

Results
Current status

In the 646 municipalities of Sdo Paulo State,
51,057 cases of COVID-19 were reported on 10th
May, 2020. The number of cases included in the
study is concentrated in the metropolitan region
of Sao Paulo, which includes the capital (Table
1). The Sao Paulo capital has the highest number
of reported cases (30,402 people detected with
COVID-19), representing approximately 60% of
all cases. More than half (61%) of the municipal-
ities had a number of cases less than or equal to
10. Considering the raw data, 213 municipalities
did not report cases of COVID-19.

Spatial distribution COVID-19

The spatial distribution of COVID-19 con-
firmed cases in the cities of the Sdo Paulo state is
shown in Figure 2. The largest concentration of
cities that confirmed positive cases of COVID-19
is located in the Metropolitan Region of Sdo Pau-
lo (MRSP), indicated by warm colors (red and
orange).

With the spatialization of confirmed cases of
COVID-19 across the state, it is possible to no-
tice a decrease in the concentration of cities that
confirmed positive cases is indicated by the col-
ors red to green, that is, the cold colors represent
the areas of lowest concentration. It means that
in addition to a greater concentration of cities
in the metropolitan region with confirmed pos-
itive cases, there was probably a gradual spread
from the capital to the interior of the State. It is
also possible to view some areas of medium con-
centration of cities with confirmed cases in the
northern and central regions of the State. We re-
alized that these points characterized by medium
density have, in short, small cities and at least one
medium-size city nearby, which may indicate a
pole in the region and possibly a hotspot due to
the inflows and outflows of people working in
the city and later returning to their respective cit-
ies. In addition, we plot the main airports in the
state and realize that the vast majority are either
in medium density areas or in the metropolitan
region, which is responsible for the largest flow of
people through airports

The Kernel map with the spatial distribution
of the cases allowed us to indicate the areas where
there is a higher concentration of cases as well as
where areas of medium and low concentration.
In addition to the fact that the Kernel maps indi-



Table 1. Descriptive analysis with median, minimum and maximum values of COVID-19 in the Sdo Paulo State,

on May 10, 2020.

. Median County Sum of
Min of cases Max of cases confirmed cases/
of cases Count c
municipalities
Interior 1 4 1069 394 9390
MRSP (including capital)* 7 199,0 30402 39 41667
MRSP (excluding capital)* 7 191,5 1390 38 11265
Capital - - - 1 30402
Total 1 5 30402 433 51057

*Metropolitan Region of Sao Paulo.
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Figure 2. Kernel maps of the Sao Paulo State - Brazil. a) cities with positive cases of COVID-19 and main
highways; b) population density and main highways; c) number of confirmed cases per municipality and main

highways.

cated the areas with the highest occurrence den-
sity, they also demonstrated the probability of
risk of exposure to the virus. In other words, hot
areas on the map showed where there is the great-
est probability of confirming a new case, whereas
cold areas there may be a delay to confirm.

There is a clear pattern of the spread of the
virus by the State. A high density of cases occurs

in the metropolitan region (red color) and grad-
ually there is a lower concentration of cases in the
countryside. We have noticed that in cities close
to the State borders there is a lower concentra-
tion of confirmed cases of COVID-19, which ap-
pears in green color. This result may indicate that
cities close to the borders are more disconnect-
ed from the metropolitan region as well as the
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capital where the disease started. We confirm this
fact after intersecting the main highways and air-
ports present in the state. Thus, the spread of the
virus can be highly associated with the mobility
of people by these means of transport. The main
highways and airports in the State are mostly in
areas of medium to high density of cases and
practically all connect to the metropolitan region
and capital of the State, the epicenter of Brazil.

Discussion

COVID-19 is an infectious disease caused by a
new virus and characterized by a series of symp-
toms that can vary from person to person, as well
as from country to country. Limited knowledge
of this new disease led to the sudden outbreak
and rapid development of a pandemic. In this
study, we demonstrated the spatial distribution
of COVID-19 together with the density of infect-
ed cities, associating with population data and
the main highways, factors that must be consid-
ered to adequately model the disease.

We sought to analyze the spatial distribution
of COVID-19 cases in the municipalities of the
State of Sdo Paulo relating to the geographic den-
sity of the cities through the analysis of Kernel
density and we were able to identify that there is
a uniform distribution among the regions of the
State. It is noteworthy that the metropolitan re-
gion of Sdo Paulo, composed of the highest pop-
ulation densities in the State, is contained in the
area with very high density of cases, thus being an
area of greater probability of new cases.

The first countries that suffer with COVID-19
have developed several mathematical models to
model its outbreak, mostly focused on forecast-
ing the number of cases and assessing the capaci-
ty of country-level healthcare systems to manage
disease burden®%. Large-scale pandemic preven-
tion and control decisions and actions depend on
data support®. The development and application
of spatial analysis tools will undoubtedly help to
quickly identify the spatio-temporal process of
pandemic development, prevention and control
measures and the resulting effectiveness.

A similar study developed by Chen et al.”® re-
ported that the population that emigrated from
Wuhan was the main source of infection in oth-
er cities and provinces and that some cities with
a low number of cases showed a rapid increase
of cases. Additionally, the authors reported that
due to the Spring Festival’s next wave of return,
it is crucial to understand risk trends in different

regions to ensure preparedness at the individu-
al and organizational levels and prevent further
outbreaks.

Early on, the spatial distribution of
COVID-19 cases in China was explained well by
human mobility data. After the implementation
of control measures, this correlation dropped
and growth rates became negative in most loca-
tions, although shifts in the demographics of re-
ported cases were still indicative of local chains of
transmission outside of Wuhan®. This fact cor-
roborates and is evidenced in our study, where
most of the main highways and airports are in
medium and high density areas, and only a few
in low density areas.

In a similar study, Vaz and Nascimento®
identified through spatial analysis techniques
that the greater social inequality is also concen-
trated in the metropolitan region of Sao Paulo.
This factor may be relevant for the authorities
and managers of the municipalities since people
with less financial resources and a deficiency in
the public health system can be a hotspot for the
collapse. Joventino et al.*' suggested that monthly
family income equal to or less than a minimum
wage is a risk factor for helminthiasis (a parasit-
ic disease), in addition to that a higher income
allows better living conditions, such as basic san-
itation, better habitability and easier access to
personal and home hygiene products, and better
means to treat water. The same can be inferred
for COVID-19, since minimal hygiene condi-
tions are required for the prevention, as well as
the use of gel alcohol, individual masks, and wa-
ter for cleaning in general.

To date, researchers around the world are
running out of time to find an effective meth-
od that can stop this new virus, mainly because
there are still no specific drugs or treatment pro-
tocols for COVID-19. The best way to protect
and slow transmission must be well informed
about the current COVID-19 virus. Monitor-
ing active ties using GIS spatial analysis is very
important to control such as a COVID-19 virus
spreading problem*. At a time when the number
of COVID-19 cases is constantly increasing in
Brazil, our findings highlight the high potential
for the introduction of new cases in several cit-
ies in Sao Paulo, especially in larger cities close to
the capital. The accurate identification of places
where clusters of local transmission might first
ignite is critical to better coordinate prepared-
ness, readiness and response actions*?.

Some limitations could be mentioned, such
as Brazil currently performs low testing in the



population, and there may be a different pattern
than the one presented here, since there may be
a relatively important proportion of asymptom-
atic people with the virus. However, this research
opens new horizons for the development of fu-
ture studies with more robust databases. Further-
more, new studies could assess the time-space
evolution of the distribution pattern by the ker-
nel density method. Thus, a specific pattern can
be identified and useful to face new outbreaks
of new diseases. The still incipient studies car-
ried out in relation to the spatial distribution of
COVID-19 in Brazil make it difficult to perform
the proper comparisons. Nonetheless, some con-
siderations are important in the interpretation
of the data found. First, the definition of a con-
firmed case is based on laboratory criteria. This
fact is intrinsically a potential underreporting of
cases for both the municipality and the national
territory.

This work can provide valuable information
to support government monitoring and predict
the dissemination of viruses. The WHO an-
nounced that the outbreak of Novel Coronavi-
rus disease was a pandemic and reiterated its call
for immediate action by governments to step up
their response to diagnose, identify, and mitigate
spread to save lives®’. Given the situation, it is es-
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sential that effective measures are taken to avoid
the risk of continuous outbreaks and the possi-
bility of a local outbreak, especially in smaller
cities which are limited in resources and struc-
ture. Research that proposes to develop effective
methods to monitor and provide early and time-
ly detection of the disease should be carried out
and used by local managers to combat the virus.

Conclusions

COVID-19 has become a big challenge to public
health around the world. Hence, its spread pat-
tern needs to be investigated in order to support
the governments in overcoming this pandem-
ic. Since Sdo Paulo is the most populous state
of Brazil, this paper explored the KDE method
to spatialize the confirmed cases of COVID-19
across the State taking into account demograph-
ic data to indicate the greatest areas with risk of
spread. The GIS spatial analysis method revealed
a spatial pattern as well as the COVID-19 critical
points in Sdo Paulo State on 13th May 2020. The
use of spatial analysis tools such as KDE to moni-
tor the evolution of cases can become an essential
component in specific programs for taking mea-
sures to reduce the public health risk.
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