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ABSTRACT

The world is facing a serious viral infection caused by the new Severe Acute Respiratory
Syndrome Coronavirus 2. We aimed to evaluate and map the high-risk clusters of COVID-19
in the State of Alagoas, a touristic area in northeastern Brazil, after two years of pandemic by
a population-based ecological study, using COVID-19 cases reported in the State of Alagoas,
between March, 2020 and April, 2022. We performed a descriptive and statistical analysis
of epidemiological data. We then map high-risk areas for COVID-19, using spatial analysis,
considering the incidence rate by municipality. 297,972 positive cases were registered; 56.9%
were female and 42.7% aged between 20 and 39 years old. Men (OR = 1.59) and older than
60 years old (OR = 29.64) had a higher risk of death, while the highest incidence rates of the
disease occurred in the metropolitan region. Our data demonstrate the impact of COVID-19 in
the State of Alagoas, through the two years of pandemic. Although the number of cases were
greater among women and young adults, the chance of death was greater among men and older
adults. High-risk clusters of the disease initially occur in metropolitan cities and tourist areas.
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INTRODUCTION

The world is currently facing a serious viral infection caused by the
new Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
(WHO, 2022a). The first cases of the disease, named Coronavirus Disease 2019
(COVID-19), were reported as an outbreak of pneumonia in December 2019, in
the city of Wuhan, China. Since then, SARS-CoV-2 has spread rapidly throughout
the entire World and COVID-19 was declared as a pandemic by the World Health
Organization (WHO) in March of 2020 (WHO, 2020). Up to September of 2022,
585,950,085 cases of the disease have been reported in more than 200 countries
and more than 6,425,422 deaths worldwide (WHO, 2022b).

Clinically, COVID-19 may present with nonspecific and mild symptoms,
or even asymptomatic in most individuals (Brasil, 2020). The most common
symptoms reported by the WHO are fever, tiredness, dry cough, headache, sore
throat, dyspnea, and changes in taste and smell. Furthermore, the disease can also
progress with severity, causing pneumonia, respiratory failure, thrombosis, and
death, especially in more vulnerable groups such as the older adults, obese people,
and those with coexisting illnesses such as cardiovascular diseases and diabetes
(OPAS, 2021; Brasil, 2020).

SARS-CoV-2 has a high transmission capacity and the control of the
pandemic has represented one of the greatest challenges in public health for
governments and health managers worldwide (Werneck et al., 2020; Andrade et
al., 2020; Gomes et al., 2020). Furthermore, the disease can be more severe in
areas of greater social vulnerability. Corroborating this, prior studies have shown
that the transmission of the virus and the mortality rate by COVID-19 is higher in
poorer regions (Silva et al., 2021; Souza et al., 2020a).

Considering that Brazil is among the countries with the greatest social
inequality in the World, strategies for controlling the pandemic are even more
complex (Werneck et al., 2020). The country has continental dimensions and there
are populations living in low-income conditions, with limited access to drinking
water or sewage system, and in household clusters, mainly in the slums (Werneck
et al., 2020). Notably, the COVID-19 pandemic has been severe in the poorest
regions of the country - the North and Northeast (Kerr et al., 2020). Moreover,
some States have factors that increase the risk of spreading the virus such as high
urban density in metropolitan areas, high number of informal workers, presence of
airports with international flow, and touristic areas (Kerr et al., 2020).

Importantly, the use of spatial and temporal analysis tools has greatly
contributed to the understanding of the distribution and dynamics of various
diseases in space and time (Rebolledo et al., 2018; Lima et al., 2019). Likewise,
using spatial analysis tools, some studies have mapped the spatial distribution
of COVID-19 in regions of Brazil and identified the areas most affected by the
pandemic. Thereby, identifying these spatial clusters can assist in resources and
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strategies distribution for the disease control in priority areas (Rebolledo et al.,
2018; Nascimento et al., 2020).

Alagoas is the State with the lowest human development index (HDI =
0.631) in Brazil (IBGE, 2021). Furthermore, the State has failures in many other
socioeconomic indicators such as illiteracy rate, social vulnerability index (SVI),
access to drinking water, and sewage system (IBGE, 2021). Regardless of the
precarious conditions and due to the idyllic beaches, Alagoas has become one of
the main touristic routes in the Northeastern Brazil, receiving visitors from Brazil
and even from other countries. Considering the high influx of visitors, and the
poverty still prevalent in the State, we aimed herein to assess the epidemiological
characteristics, the spatial, and the spatiotemporal patterns of COVID-19 in
Alagoas, Northeastern Brazil, between March, 2020 and April, 2022.

METHODS

Study design and area

We conducted an ecological and population-based study, using spatial and
spatiotemporal analysis tools. All cases of COVID-19 in the State of Alagoas were
included. The spatial analysis units were the 102 municipalities and the 10 health
regions (HR) of the State. We excluded from the study those cases lacking the date
of the diagnosis or the municipality of residence.

Alagoas is located in the Northeastern Brazil and it corresponds to 0.3%
of the national territory, with 27,843 km? of extension. Alagoas has an estimated
population of 3,351,543 inhabitants, the demographic density is 120.4 inhabitants/
km?, and it is the 17" most populous State in the country. Geographically, the State
is divided into 102 municipalities, which are organized into 10 health regions (HR)
(Figure 1) (IBGE, 2021).

Data source

For the analysis, we considered all confirmed cases of COVID-19 in the
State of Alagoas between March, 2020 and April, 2022. For that, we first collected
the data from the Department of Informatics of the Unified Health System
(DATASUS), from the Brazilian Ministry of Health, available on the Open-
DATASUS platform  (http://opendatasus.saude.gov.br/dataset/casosnacionais)
and the COVID-19 panel in Brazil (covid.saude.gov.br), together with the data
obtained from the COVID-19 epidemiological bulletin in Alagoas. For the spatial
and spatiotemporal analysis, we extracted the cartographic mesh of the State of
Alagoas, from the website of the Brazilian Institute of Geography and Statistics
(IBGE). Information on population per municipality was also obtained from the
IBGE website, considering the census population estimate for 2020.
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Figure 1. Study area map. A) Map of Brazil, highlighting the State of Alagoas.
B) Map of the State of Alagoas, divided into the 10 health regions, and
highlighting the metropolitan area.

Variables, measures, and analysis of epidemiological data

For descriptive analysis of the epidemiological characteristics of
COVID-19 in the State, we considered the following variables: gender, age
group, method of diagnosis, presence and type of comorbidity related to cases
and deaths. As the outcome of the study, we considered the incidence rate of
the disease per municipality. The incidence rate was calculated considering
the number of confirmed cases, divided by the local population of each
municipality and the result multiplied by 1,000 inhabitants.

Additionally, we performed association analysis between deaths from
COVID-19 with the epidemiological variables: gender and age. Chi-squared
test and odds ratio (OR) with 95% confidence interval (CI) were employed to
analyze the associations of categorical variables. The significance level was
set at 0.05.

Spatial and spatiotemporal analysis of COVID-19 data in Alagoas

First, to better understand the spatial and temporal dynamics of
COVID-19 incidence in the State, we have prepared maps which represent the
gross incidence rates and related to the period available. Furthermore, we use
the Local Empirical Bayesian method to smooth these incidence rates. This
method corrects possible random fluctuations in space, and provides greater
stability to the rates (Brasil, 2007). The results were represented on choropleth
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maps, according to the parameters of the incidence rate: low (<3.0/1,000
inhabitants); moderate (3.0 to 8.0); high (8.1 to 13.0); and very high (>13.1).

Thereafter, we applied the Global Moran Index (I) to verify the
existence of spatial autocorrelation. This technique identifies the occurrence
of spatial patterns in the study area, and presents values ranging from -1 to
+1: values close to +1 indicate positive spatial autocorrelation; alternatively,
values close to -1 indicate negative spatial autocorrelation; values crossing
the zero suggest spatial randomness (Anselin & Bao, 1997; Druck, 2004).
Once the existence of positive spatial autocorrelation was identified, we also
calculated the Local Indicators of Spatial Association (LISA) index, to evaluate
the occurrence of local autocorrelation. This technique identifies the existence
of high and low-risk spatial clusters, in addition to transition areas, also
considering the values of adjacent municipalities, and presents the following
results: municipalities with values similar to their neighbors, Q1 (high/high) or
Q2 (low/low); and municipalities with different values from their neighbors,
Q3 (high/low) or Q4 (low/high) (Anselin, 1995). For spatial statistical analysis,
we used TerraView software version 4.2.2. (http://www.dpi.inpe.br/terralib5/
wiki/doku.php?id=start) Results were considered significant when p-value
<0.05 was obtained. Maps were prepared using the QGIS software version
3.18.2, with the cartographic projection corresponding to the SIRGAS 2000,
Universal Reference System.

Finally, for spatiotemporal scan analysis, we used the retrospective
analysis method, and applied the Poisson distribution method, which checks
high-risk clusters of incidence rates in space and time (Kulldorff, 1997). In this
analysis, the parameters used were generic aggregation time, no overlapping
clusters, maximum spatial cluster size of 50% of the population at risk,
and maximum of 50% for the temporal cluster in the period of the study.
Additionally, the likelihood ratio (LLR) test was used to detect clusters. Results
with p-value <0.05 and using 999 Monte Carlo simulations were considered
significant. Analysis were performed using SatScan software version 9.7 and
maps created using QGIS software version 3.18.2.

Ethical considerations

In this study, we used secondary data in the public domain and without
the possibility of identifying the individuals. Therefore, the informed consent
and ecthics committee approval was dispensed. Regardless, we followed the
national and international ethical recommendations, as well as the rules of the
Helsinki Convention.
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RESULTS

We identified 297,972 cases of COVID-19 in the State of Alagoas
between March, 2020 and April, 2022. From this total, 56.9% (n = 169,581)
were in women, 42.7% (127,298) between 20 and 39 years old, and 59.7%
(177,855) were diagnosed using rapid test (Table 1). During this period, there
were 6,926 COVID-19-related deaths in Alagoas (lethality rate = 2.3%).
Among the deaths, 54.5% (3,772) were men, 66.4% (4,598) older adults
(>60 years old), and 78.1% (5,409) had comorbidity. The most prevalent
comorbidities among the deaths were diabetes (38.4%; n = 2,659) and heart
disease (21.8%;1,510).

We observed that men had a higher chance of death from COVID-19
(OR = 1.59; p-value <0.0001; Table 2). Considering the age groups, as
expected, we observed higher chance of death in individuals with >60 years
old (OR = 51.06; p-value <0.0001).

The maps in Figure 2 show the spatial distribution of COVID-19 cases
in the municipalities of Alagoas, according to the crude (2A) and smoothed
(2B) incidence rates, in the period under analysis. We observed that only five
municipalities of the State, had a high incidence rate of the disease (8.1 to
13/1,000 inhabitants) (Figure 2A). Smoothing of crude incidence rates by the
Bayesian method show significant difference during the study period (Figure
2B). There was an expressive decrease in those with moderate and very high
incidence (only one municipality in HR 8 and one in HR 9).

Additionally, our analysis demonstrated the occurrence of spatial
autocorrelation (I= 0.077; p-value = 0.056). Figure 2C shows that, over the
study period, there were high-risk clusters (high-high, in red) close to the
metropolitan region and in the inland of the State.

Finally, we performed spatiotemporal scan analysis and identified
two high-risk clusters for COVID-19 in the State (Figure 2D). Both were
statistically significant for the incidence of COVID-19 in Alagoas (Table 3).
Moreover, the primary cluster had the highest number of cases (n = 48,868),
distributed in 5 municipalities from the HR 1, and with an annual incidence
rate (AIR) of 1,615,469.0 (RR = 16.4; p-value <0.0001). The second cluster
had 30,762 cases, distributed in 63 municipalities from the HR 4, 5, 6, 7, 8 and
9 (AIR =361456.2; RR = 3.3; p-value <0.0001).
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Table 1. Epidemiological characteristics of cases and deaths by COVID-19
in the State of Alagoas, Northeastern Brazil, between March, 2020 and April,

2022.
. . . ) Cases Deaths
Epidemiological Variables
n % n %
Gender
Women 169,581 56.9 3,154 45.5
Men 128,391 43.1 3,772 54.5
Age group (years old)
<19 29,491 9.9 75 1.1
20-39 127,298 42.7 434 6.3
40-59 101,269 34.0 1,819 26.3
> 60-69 39,914 13.4 4,598 66.4
Diagnosis method
Rapid test 177,855 59.7 - -
RT-PCR 100,857 33.8 - -
Immunoassay 3,506 1.2 - -
Clinical 15,541 5.2 - -
Uninformed 213 0.1 - -
Comorbidities
No comorbidities - - 1,517 21.9
Heart diseases - - 1,510 21.8
Diabetes - - 2,659 38.4
Respiratory diseases - - 481 6.9
Immunosuppression - - 69 1.0
Kidney disease - - 261 3.8
Others - - 429 6.2

n =number. (-) absent.
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Table 2. Association of the epidemiological variables (gender and age group)
with COVID-19-related deaths in the State of Alagoas, Northeastern Brazil,
between March, 2020 and April, 2022.

Deaths from COVID-19

Variables OR (CI 95%) p-value
Yes No

Gender
Women 3,154 166,427 - -
Men 3,772 124,619 1.59 (1.52to 1.67)  <0.0001

Age group (years old)
<19 75 29,416 - -
20-39 434 126,864 1.34 (1.05to 1.71) 0.0185
40-59 1,819 99,450 7.17 (5.69 t09.04)  <0.0001
> 60-69 4,598 35,316  51.06 (40.80 to 64.24) <0.0001

OR = odds ratio; CI = confidence interval.

= S 2
50 100 150 km

Figure 2. Spatial analysis maps according to COVID-19 incidence rates in the
municipalities of Alagoas, Northeastern Brazil. (A) Gross incidence rate. (B)
Smoothed incidence rate. (C) Moran maps (LISA). (D) Spatiotemporal scan
maps.
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Table 3. Spatiotemporal clusters of COVID-19 incidence rates per 100000
inhabitants in the municipalities of Alagoas, Northeastern Brazil, between
March, 2020 and April, 2022.

Number of Expected Annual

Clusters Period  Municipalities (n) . RR LLR p-value
cases new cases incidence rate *

1 03/2021 5 48,868 3,508.6 1,615,469.0 16.4 87,0482  <0.0001

2 04/2020 63 30,762 9,869.9 361,456.2 33 14,8543 <0.0001

05/2020

RR: relative risk of the cluster compared to other municipalities in the State; LLR:
likelihood ratio. *Incidence rate of COVID-19 per 100,000 inhabitants.

DISCUSSION

To date, this is the first study to assess the epidemiological characteristics
and the spatial and spatiotemporal dynamics of COVID-19 cases, and the
factors associated with deaths, in the State of Alagoas, in the two years of the
pandemic. Regarding the cases, we observed that they occurred mostly among
women, aged between 20 and 39 years old, and the rapid test was the main
diagnosis method used. Otherwise, the highest odds of death were observed
among men and in older adults. Finally, applying spatiotemporal analysis
techniques, we identified high-risk clusters of COVID-19, in the metropolitan
region and in municipalities inland State.

Our findings differ from those reported by Teich and colleagues
(Teich et al., 2020). In a national study, the authors identified that most cases
of COVID-19 occurred among males (56.9%). On the other hand, Kopel and
colleagues point out that the dynamics of SARS-CoV-2 transmission between
genders is particular in each region (Kopel et al., 2020). Although women were
more affected by COVID-19 herein, men had a higher risk of death (OR =
1.59). Similar data were observed in another study carried out in Alagoas, but
in a different period (March to August, 2020) (Baggio et al., 2021).

Importantly, the highest rates of severe cases and deaths observed
in men may result from biological, immunological, genetic, and behavioral
conditions (Souza et al., 2020b). Some authors justify that higher plasma
concentrations of angiotensin-converting enzyme 2 (ACE2) in men may be
a contributing factor to the severity of the infection (Hamming et al., 2004;
Fathizadeh et al., 2020; Sama et al., 2020) Conversely, women’s immune
system to the virus is stronger, and this could be related to protection by
genes expressed on the X chromosome and sex hormones such as estradiol,
which play an important role in the immune response (Shepherd et al., 2021;
Soares et al., 2020). Additionally, COVID-19 is more severe in individuals
with comorbidities such as hypertension, diabetes and especially heart disease
(Almeida-Pititto et al., 2020). In behavioral aspects, men are usually more
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negligent and more resistant to seeking health services for medical care in
Brazil, especially in inland municipalities (Souza et al., 2020b). As a result,
these comorbidities are more frequent among them, and this would justify the
higher number of deaths. Nevertheless, these are just assumptions, and further
studies are needed to explain why men are more likely to evolve to death from
COVID-19.

Concerning age group, most cases of COVID-19 occurred among
individuals between 20 and 39 years old. Similarly, Teich and colleagues
(Teich et al., 2020) report that the mean age of those infected was 40 years
old. This age group is represented by the most active working class, daily
exposing themselves to the SARS-CoV-2 in public transport and in the work
environment, and enabling greater dissemination of the virus (Walker et al.,
2020). Furthermore, it was initially believed that the severity of COVID-19
was mainly among the older population. Herewith, many young people and
adults, unaware of the risks of infection and severity, did not comply with
social isolation measures and, as a result, were more infected by the virus.

Consistent with the previous literature, we observed that older adult
patients are more likely to have a fatal outcome from SARS-CoV-2 (Nascimento
et al., 2020; Soares et al., 2020). Additionally, the most reported coexisting
illnesses in patients who died from COVID-19 were diabetes, cardiovascular
diseases, respiratory diseases and kidney disease.

Regarding the high risk of severity and death among the older adults,
there are some aspects that may justify the greater vulnerability to SARS-CoV-2
in this age group. First, the senescence of the immune system that naturally
weakens with aging and makes the individual more susceptible to infections
and inflammatory diseases (Ray & Yung, 2018; Pinti et al., 2016). Aging
affects both the adaptive and innate immunity systems as inducing neutrophil
apoptosis, inflammation, and release of more pro-inflammatory cytokines
(Pinti et al., 2016). As a result, changes in innate and adaptive immunity
with age contribute to decreased efficiency of responses to new infections
(Ray & Yung, 2018). Additionally, older adults were usually more exposed
to other viruses throughout their lives, which increases the risk of presenting
an immunological mechanism called antibody-dependent enhancement (ADE)
(Wang et al., 2016). ADE facilitates virus entry into cells, increases viral
replication, and potentiates inflammatory responses, which can cause more
severity and death in older patients. Finally, there is a higher prevalence of
chronic diseases in older populations, which contributes to worsening general
health (Soares et al., 2020).

Likewise, a study conducted by Soares and colleagues also showed
that the risk of death is significantly higher among people older than 60 years
old, and who have some type of comorbidity. In this study, cardiovascular
diseases were reported as an independent risk factor for hospital admission
from COVID-19, increasing odds of hospitalization by 1.3 (Soares et al.,
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2020). Furthermore, the authors identified that the chances of hospitalization
are greater for patients with kidney disease, who also have a high risk of death.
Herein, we observed 1,510 deaths in patients with heart disease and 261 with
kidney disease.

Throughout these two years of the pandemic, cases of COVID-19 in
all municipalities in the State of Alagoas were observed. As expected, the first
year of the pandemic (2020) was the one with the highest incidence rate in the
State, and consequently the period in which we detected high-risk clusters of
disease. This period corresponds to the first wave of the pandemic in Brazil,
with community transmission of the virus, and dissemination of cases to all
municipalities in the State (Castro et al., 2021). Nevertheless, spatial analysis
maps, including spatial autocorrelation, the high rates concentrated in the
cities located in the metropolitan area (Barra de Sdo Miguel, Coqueiro Seco,
Maceio, Pilar, Satuba and Santa Luzia do Norte) may be related to factors such
as greater urban density, population flow, and the presence of important tourist
areas (Kerr et al., 2020). This corroborates that the gateway to the virus are
more developed municipalities, and those with the greatest flow of visitors.
The metropolitan region of Alagoas is located on the coast, where the main
tourist areas and the only airport in the State are located (Souza et al., 2020a).
As a result, there is a greater influx of tourists and a high risk of spreading
the virus, which first reached the metropolitan cities and spread to the poorest
municipalities in the State.

Correspondingly, the spatiotemporal analysis demonstrated the
occurrence of high-risk clusters for COVID-19 in municipalities in the coastal
region of the State. Notwithstanding, there was a heterogeneous distribution of
the pandemic, with the formation of high-risk clusters in most health regions
of State. Importantly, the rapid advance of the pandemic in the municipalities
results from the high transmission capacity of the virus and the inefficiency
and mitigation of measures to control the disease in Alagoas, as occurred in
Brazil (Walker et al., 2020; Raymundo et al., 2021).

Unfortunately, until April, 2022 Brazil ranked third in the World
in number of cases and second in number of deaths from COVID-19 (only
behind the USA) (OPAS, 2021; WHO, 2022). Remarkable, several problems
may have contributed to the worsening of the pandemic in the country such as
the encouragement in using medicines without scientific evidence, the delays
in acquiring vaccines, disorganization in the national immunization program,
the unstable political scenario, and the mismatch among governments for
implementation of social distance (Moreira et al., 2020).

This study has some limitations that should be highlighted. First,
considering that we use secondary data, the information may have some
bias, such as underreporting of cases or irregularities, and even delays in
notifications by municipalities. In addition, it is important to highlight that the
underreporting of cases in Brazil is mainly caused by the reduced availability
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of tests for extensive investigation of suspected cases. This may have affected
the accuracy of our analysis. Lastly, the lack of information in some cases led
to the exclusion of incomplete observations, which limited the use of some
variables in the study.

Taken together, our data demonstrate the impact of COVID-19 in the
State of Alagoas, an important touristic area in Brazil, in these two years of
pandemic. We observed that, despite the number of cases being higher among
women and young adults, the chance of death is significantly higher among
men and older adults. Additionally, data from spatial and spatiotemporal
analysis showed the occurrence of high-risk clusters of the disease, mainly in
the metropolitan region (areas with the highest population density and tourism
flows). Thereby, we propose that preventive strategies, as measures of social
distancing, along with financial support by the government, and widespread
vaccination of the population shall be implemented urgently to reduce the risk
of a new wave of the pandemic and avoid the collapse on the health system in
Brazil.
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