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Abstract Spatial analysis can help measure the
spatial accessibility of health services with a view
to improving the allocation of health care resourc-
es. The objective of this study was to analyze the
spatial distribution of COVID-19 detection rates
and health care resources in Brazils Amazon re-
gion. We conducted an ecological study using data
on COVID-19 cases and the availability of health
care resources in 772 municipalities during two
waves of the pandemic. Local and global Bayes-
ian estimation were used to construct chorop-
leth maps. Moran’s I was calculated to detect the
presence of spatial dependence and Moran maps
were used to identify disease clusters. In both pe-
riods, Moran’s I values indicate the presence of
positive spatial autocorrelation in distributions
and spatial dependence between municipalities,
with only a slight difference between the two es-
timators. The findings also reveal that case rates
were highest in the states of Amapd, Amazonas,
and Roraima. The data suggest that health care
resources were inefficiently allocated, with higher
concentrations of ventilators and ICU beds being
found in state capitals.

Key words COVID-19, Spatial analysis, Ecologi-
cal studies, Mechanical ventilators, Intensive care
units
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Introduction

Brazil is the only country in the world with a
population of over 100 million with a universal
health care system'. This system, which for de-
cades has helped reduce inequalities in access to
health care, was overwhelmed during the pan-
demic as Brazil was among the countries hardest
hit by COVID-19, leading Latin America to be
declared the epicenter of the pandemic in May
and June 20202

Despite having an extensive primary care net-
work, Brazil faced the largest health and hospital
system collapse in the country’s history during
the pandemic. Adult COVID-19 intensive care
unit (ICU) bed occupancy rates in the country’s
public health system, the Sistema Unico de Satide
(SUS) or Unified Health System, in March 2021
were greater than or equal to 80% in 24 states and
the Federal District, with 15 states having rates of
at least 90%°.

Between 17% and 35% of non-vaccinated
patients hospitalized with COVID-19 need to be
admitted to an ICU, mainly due to hypoxemic re-
spiratory failure. In addition, between 29% and
91% of COVID-19 patients who have hypoxemic
respiratory failure need invasive ventilatory sup-
port*®.

The SARS-CoV-2 virus is highly transmissi-
ble and most individuals are susceptible to infec-
tion’. The spread of the virus is a complex process
influenced by demographic characteristics, pop-
ulation mobility, and the environment, mean-
ing that transmissibility varies greatly between
countries and regions and over time’.

Despite having a low population density, Bra-
zil's Amazon region in the North of the country
had a high concentration of COVID-19 cases®.
The Amazon is a multifaceted and socially and
environmentally diverse region with populous
cities intermingled with sparsely populated ar-
eas isolated from large urban centers. The region
also has a large concentration of traditional and
indigenous peoples living in remote rural ar-
eas, including riverine, fishing, and Quilombola
communities. The Amazon is also character-
ized by social, economic, and health disparities,
combined with rapid population and economic
growth and high-income concentration, and a
large proportion of the population suffer from
poor living conditions’.

Manaus, capital of the state of Amazonas, was
surprised by a sharp rise in the number of cases
and deaths in April 2020", putting considerable
pressure on the city’s health services. Geograph-

ical barriers have been used as a justification for
difficulties in developing interiorized actions and
providing access to the three tiers of health care
across the Amazon'.

Mapping patterns in the distribution of the
disease and physical health care resources can
therefore help to understand the current dynam-
ics of access to care and identify areas that are
most vulnerable to the pandemic. This under-
standing can help support the implementation of
measures to control the spread of the virus, pre-
vent local outbreaks, and guide resource alloca-
tion, improving the accessibility of intensive care
for critically ill patients. In light of the above, the
aim of the present study was to analyze the spatial
distribution of COVID-19 detection rates and
the availability of health care resources in Brazil’s
Amazon region.

Materials and methods

We conducted an ecological study using data on
the distribution of COVID-19 detection rates
and health care resources (COVID-19 ICU beds
and mechanical ventilators) in Brazil's Amazon
region.

The units of analysis were the 772 munici-
palities in the Amazon region, which is made up
of the states of Acre, Amapda, Amazonas, Mato
Grosso, Para, Rondonia, Roraima, Tocantins and
part of Maranhdo. The Amazon covers an area
of 5,015,067.75 km® (58.9% of the country) and
population density is low across most of the re-
gion'.

We used data on cases of COVID-19 detect-
ed during the period 25 February 2020 (date of
the first recorded case) to 31 March 2021, con-
sidering the cumulative total of cases up to July
2020 and up to March 2021. These periods were
chosen because they include two peaks of the
pandemic in Brazil, as can be seen on the graph
of cases per epidemiological week on the World
Health Organisation’s website'?.

The number of COVID-19 cases per mu-
nicipality of residence was extracted from the
Ministry of Health coronavirus platform on 10
April 2021™. These data are constantly updated
and corrected. In this regard, the municipal-
ity where the cases is notified is not always the
same as the municipality of residence, with the
latter being corrected after the completion of the
investigation process. A total of 1,860,217 cases
were recorded during the study period, including
559,349 up to the first peak in July 2020.



To calculate the municipal case detection
rates, we used 2020 population estimates pub-
lished by the Brazilian Institute of Geography
and Statistics".

We calculated cumulative crude municipal
case detection rates (number of cases divided
by total population multiplied by 100,000) and
smoothed rates using the global Bayesian esti-
mator, which calculates the weighted average
between the local and regional rate, and local
Bayesian estimator, which considers the spatial
effects of estimates in neighboring municipali-
ties's.

The estimators reduce random rate fluctu-
ations and can indicate priority areas for health
actions (where rates are more pronounced even
after smoothing) and, in the case of the local
Bayesian estimator, take into account trends in
neighboring areas. For the local Bayesian esti-
mator, we considered first-order neighbors, i.e.
only immediate neighbors. Choropleth maps
were created to visualize the distribution of rates,
graduating values using natural breaks.

Moran’s I was calculated to determine the
spatial dependence in the distribution of the
global and local Bayesian rates. The index ranges
between -1 and +1, with positive values indicat-
ing spatial dependence and negative values indi-
cating negative spatial correlation. Values close
to 0 indicate no spatial autocorrelation. A neigh-
borhood contiguity matrix was created adopting
a 5% significance level.

A Moran scatter plot of the detection coef-
ficient calculated using the local Bayesian esti-
mator was used to determine spatial patterns.
A Moran map was used to identify statistically
significant clusters of areas with high values with
neighbors with high values (Q1 - high-high pat-
tern), areas with low values with neighbors with
low values (Q2 - low-low pattern), and transition
areas (Q3 - high-low pattern and Q4 - low-high
pattern).

The data on mechanical ventilators and
COVID-19 ICU beds were collected from the
National Register of Health Establishments
(CNES)Y. The number of beds and mechanical
ventilators was represented using proportional
circles placed over the municipality’s administra-
tive center. This information was superimposed
over the Moran map to compare numbers with
case clusters.

Data processing, georeferencing, spatial anal-
ysis, and mapping were performed using Excel
2013, GeoDa 1.18.0, and QGIS 3.18.1. Pearson’s
chi-squared test was used to determine the cor-

relation between variables in the two waves
adopting a 95% confidence level. Pearson’s chi-
squared test and the descriptive analyses were
performed using SPSS.

The study did not require ethical approval as
it was conducted using secondary data available
in the public domain.

Results

The total number of COVID-19 cases/100,000
population rose from 1.99 during the first wave
(up to 31 July 2020) to 6.62 cases/100,000 popu-
lation in the second wave (up to 31 March 2021).
Table 1 shows the data for the first and second
wave.

Local and global Moran’s I were 0.44 (p =
0.001) and 0.43 (p = 0.001) during the first wave
and 0.46 (p = 0.001) and 0.45 (p = 0.001) in the
second. The values indicate that the distribution
displays positive spatial autocorrelation and spa-
tial dependence between municipalities in both
periods, with only a slight difference between the
two estimators.

Figures 1 and 2 present the distribution of the
cumulative crude COVID-19 detection rates and
smoothed rates for both periods. The maps show
that there was only a slight variation between
crude and smoothed rates in both waves.

In the first wave, the municipalities with a
detection coefficient of more than 3,000 cas-
es/100,000 population were concentrated in the
state of Amapa, the northwest and mid-south of
Amazonas, and the east and south and sparsely
populated areas of Pard. The lowest detection
rates (less than 1,000 cases/100,000 population)
occurred mainly in Mato Grosso, Tocantins, the
west of Rondénia, and the north and southeast
of Para (Figure 1). The only municipality not to
have recorded cases of the disease was Mateiros
in Tocantins.

The cumulative detection rate rose sharply
in the second wave. The highest crude detection
rates (more than 8,000 cases/100,000 popula-
tion) were concentrated in Amapa, the south and
northeast of Pard, and the north and southeast of
Amazonas, while the lowest detection rates (less
than 4,000 cases/100,000 population) were found
in Maranhdo and the northeast of Para. All mu-
nicipalities recorded cases of the disease in this
period (Figure 2).

Figure 3 shows the distribution of mechanical
ventilators superimposed over the Moran map of
the smoothed rates in the first and second waves,
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Table 1. COVID-19 cases and availability of physical health care resources in the Amazon region during the

pandemic up to July 2020 and up to March 2021.

Variables Minimum Maximum Mean Median Star.ld:‘n‘d
deviation
Population 946 2,219,580 36,416.04 16.212 116,588.12
Cases up to July 2020 0 35,592 724.55 219 2,339.83
ICU beds up to July 2020 0 196 2.50 0 14.57
Ventilators up to July 2020 0 1,040 9.84 0 65.4
Cases up to March 2021 14 159,948 2,409.61 747,5 8,524.81
ICU beds up to March 2021 0 360 3.84 0 22.93
Ventilators up to March 2021 0 1,179 11.51 0 73.49
Municipal cumulative incidence 0 17,061.92 1,721.11 1.282,16 1,726.49
in the “first wave”
Municipal cumulative incidence 167,02 34,473.57 6,244.91 5.554,73 4,068.64

in the “second wave”

Source: Authors.

revealing that ventilators were concentrated in
state capitals in both periods.

In the first wave, although some state capi-
tals such as Manaus (1,040), Cuiaba (847), and
Belém (829) show a high concentration of venti-
lators, the findings show regions with statistically
significant high-high patterns and a low number
of ventilators. An example of this pattern is Para,
where the number of ventilators was greater in re-
gions without high detection rates and high-high
clusters (Novo Progresso/Itaituba and Parauape-
bas/Canai dos Carajas) had a small number of
ventilators. Various critical regions therefore had
a shortage of ventilators (Figure 3) and none of
the regions with a high-high pattern had a high
number of available ICU beds (Figure 4).

Also with regard to the first wave, regions
with a statistically significant low-low pattern
were concentrated mainly in Tocantins, which
had a medium number of ventilators and ICU
beds, and the northwest and northeast of Mato
Grosso, which had low numbers of ventilators
and ICU beds (figure 3 and 4).

In the second wave, Amazonas continued to
experience high-high patterns in the north and
southeast, with these patterns expanding to the
southeast and northeast of the state. Case pat-
terns and the availability of ventilators remained
the same in Amap4, while the situation in Para
changed, with high-high patterns being concen-
trated in the southeast and northeast. In Roraima,
a high-high pattern continued to be found in the
south of the state and rates increased in the cen-
tral region. In Acre, the municipalities Feijo, As-

sis Brasil and Sena Madureira showed a high-high
pattern in the second wave, with only the latter
having ventilators (two). In Rondénia, the region
surrounding the capital Porto Velho, also showed
the same pattern, but with a high concentration of
ventilators and ICU (figure 3 and 4).

Low-low patterns were concentrated in the
northeast of Pard and in Maranhéo in the second
wave, with both regions having a high concentra-
tion of ventilators and ICU beds (figures 3 and 4).
It is important to highlight that ventilators and
ICU beds are made available to patients living in
the municipalities and in adjacent municipalities
located in the same health region.

The results of Pearson’s chi-squared test
showed a significant correlation between varia-
tions in COVID-19 detection rates and number
of ventilators (0.267) and ICU beds (0.359) across
health regions, showing a positive correlation be-
tween allocation of mechanical ventilators and
ICU beds and a rise in detection rates between
the two periods (p < 0.05).

Discussion

The findings show that detection rates and the
number of ventilators and ICU beds increased
by 332%, 14.54%, and 35%, respectively, between
the two periods and the presence of spatial de-
pendence in the distribution in both periods.
Municipalities in the bordering states of Amapa,
Amazonas, and Roraima had high-high patterns
of detection in both periods.
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Figure 1. Crude and smoothed COVID-19 detection rates up to July 2020 in the Amazon region, Brazil.

Source: Authors.

The overwhelming majority of countries have
not carried out enough testing to provide good
quality COVID-19-related health indicators®. In
Brazil, access to tests is unequal, with poorer re-
gions such as the Amazon having lower testing
capacity®.

The initial spread of COVID-19 and deaths
in Brazil was not driven by population age struc-
ture and pre-existing health conditions but rather
patterns of socioeconomic vulnerability***'. The
North of the country was the region with the
highest vulnerability to COVID-19%, which is
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Figure 2. Crude and smoothed COVID-19 detection rates up to March 2021 in the Amazon region, Brazil.

Source: Authors.

corroborated by the high COVID-19 detection
rates in the Amazon Region and sharp increases
between waves.

The spread of the virus in the state of Am-
azonas was driven by the proximity of regions
and the macro-regional urban hierarchy, in con-
junction with the presence of international ports,
the Manaus Free Trade Zone, and a vast river

network, which is the region’s main means of
passenger and freight transport. These elements
contributed to the interiorization of the spread of
COVID-19%, which may explain the case distri-
bution patterns observed in this study.

Another study reported high-high patterns in
both reference periods in Amapa. At the end of
May 2020, the state accounted for the third-high-
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Source: Authors.

est percentage of overall COVID-19 cases in the
North yet had the country’s highest incidence
rate?®. These numbers may be explained by the
fact that the state borders French Guiana, which
had the highest cumulative incidence rate in Lat-
in America in November 2021, with 14,941.98
cases/100,000 population®. The relationship be-
tween cases in French Guiana and Amapa could
be an interesting topic for future research.
Regarding the availability of health care re-
sources, the findings reveal several regions with
high-high patterns and low numbers of ventila-
tors and ICU beds. Although some of the health
services in municipalities in the same health

region are integrated, heavy demand combined
with poor geographic accessibility can result in
unequal access to complex care. Our findings are
corroborated by a study conducted by Bezerra et
al. (2020)%, which revealed that access to health-
care across Brazil is uneven and unequal.
Another study in Brazil reported that the
smoothed COVID-19 mortality rate was higher
in the North region, where a greater shortage of
hospital resources was observed”. In the same
study, COVID-19 deaths were positively cor-
related with socioeconomic vulnerabilities and
negatively associated with hospital resources?.
Moreira (2020)” concluded that health regions

—
W
N

€20T ‘TYI-TET:(1)8T BANS[OD dpnes X BIDUIID)



—_
w
2]

Rezende AAB et al.

70°W 60°W

4a
July 2020

Absolute frequency = 0,04 (p=0,05)
Relative frequency = 0,43 (p=0,001)
Spatial empirical bayes = 0,44 (p=0,001)

4b
March 2021

Absolute frequency = 0,036 (p=0,05)
Relative frequency = 0,44 (p=0,001)
Spatial empirical bayes = 0,46 (p=0,001)

50°W

Moran

[ ] Not significant

I High-High
Low-Low

[ | Low-High

M High-Low

Number of ICU beds
360

200
100
10

I
So0T

0 250 500 km

Datum: SIRGAS 2000

Figure 4. Moran map of municipal COVID-19 case detection coefficients and distribution of number of ICU

beds in the Amazon region, Brazil, 2020 and 2021.
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with the highest mean mortality rates were lo-
cated in regions with shortages of ICU beds and
mechanical ventilators.

A survey conducted in April 2020 showed
that Amapa and Roraima had the lowest health
care infrastructure indices. The same study re-
ported a concentration of low-low clusters in
Amazonas and Pard, suggesting weak health sys-
tem capacity, especially in critical situations with
heavy demand?®.

Despite its size, the overwhelming majority
of the state of Amazonas’ ICUs are located in the

capital, Manaus, meaning that a collapse in this
city’s health system reverberates across the entire
state. The same can be said of Amapa and Ror-
aima, meaning that municipalities in the region
are directly dependent on the capital’s health care
infrastructure.

Inequalities in access to health care in Ama-
zonas are driven by low population densities and
the state’s vast size, with huge river basins cov-
ered with tropical forest and a precarious trans-
port network®. As a result, COVID-19 patients
from remote areas experience major difficulties



in getting to regional centers that provide medi-
um- and high-complexity care services®. In ad-
dition, the increase in the number of mechanical
ventilators (14.54%) and adult COVID-19 ICU
beds (35%) between the first and second wave
found by this study was not proportional to the
rise in detection rates (332%).

The prospect of recurring COVID-19 out-
breaks in Brazil is real. It is recommended that
countries adjust and coordinate their COVID-19
response based on increasingly detailed data
(PAHO, 2020)*. The use of georeferenced data
and geographic information systems can help
inform decision-making, speeding up response
and improving the effectiveness of public health
actions. It is therefore hoped that this study can
contribute to more effective health care resource
allocation that takes into account more vulnera-
ble areas.

This study has some limitations that are in-
herent to ecological studies, including the fact
that it is not possible to determine the relation-
ship between exposure and outcome at individu-
al level. In addition, testing in Brazil is performed
mainly on symptomatic people, meaning that
underreporting is possible, especially given low
testing rates in remote areas and among vulnera-
ble communities where access to health services
and information is poor. Case incidence data
should therefore be treated with caution. Al-
though data are updated daily, gaps in informa-

tion may occur as local and state health depart-
ments have the autonomy to correct information
on the place of residence after the investigation
of the notification. In addition, created for epi-
demiological surveillance purposes, the federal
government information system was updated on
various occasions during the pandemic and the
information was inputted by people who were
not involved in the study, meaning that the data
are subject to error. Despite the above, our find-
ings provide important insights into the distribu-
tion of COVID-19 cases during the two waves.

Conclusion

Our findings indicate the presence of positive
spatial autocorrelation in the distributions of
COVID-19 cases and spatial dependence be-
tween municipalities in both periods. The re-
sults also reveal that case rates were highest in
the states of Amapa, Amazonas, and Roraima.
In addition, the data indicate that health care re-
sources were inefficiently allocated, with higher
concentrations of ventilators and ICU beds being
found in state capitals.

Spatial analysis allowed us to measure the
spatial accessibility of health services, providing
important inputs to inform public policies and
help promote the efficient and effective allocation
of health care resources.
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