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Abstract: Background: The main goal of this study was to analyze the human immunodeficiency
virus (HIV) epidemic temporally and spatially in Belém from 2007 to 2018. Methods: The incidence
rates were analyzed according to time using autoregressive integrated moving-average models,
as well as spatially using spatial autocorrelation, Kernel density, scan statistics, and regression
techniques. Results: During the study period, 6007 notifications of new cases of HIV/AIDS were
reported. The time series analysis revealed a stabilized trend of incidence from 2007 to October 2016,
followed by irregular fluctuations until the end of December 2018. Seasonal behavior was observed
from 2019 to 2022. The high–high incidence clusters were found in the central and transition areas.
An expansion of the number of new reported cases was observed in the central area. Three spatial
risk zones were observed. The higher relative risk zone was concentrated in the transition area. The
spatial regression showed that the incidence rates were positively correlated with the Family Health
Strategy (FHS) coverage. Conclusions: To eliminate HIV in Belém, it will be necessary to decentralize
testing and ART and expand the coverage of FHS to ensure universal access to healthcare for citizens.

Keywords: social determinants of health; epidemics; HIV; acquired immunodeficiency syndrome;
spatial analysis; time series analysis

1. Introduction

The human immunodeficiency virus (HIV) epidemic remains a challenge to global
public health. Around the world, about 38 million people are living with HIV (PLHIV).
Although universal access to antiretroviral therapy (ART) has reduced the number of new
HIV infections [1] worldwide, in Latin America, infections have increased by 21% since
2010 [2]. In 2014, Brazil implemented the UNAIDS policy ‘Treatment for All’ in response to
HIV. Since then, a 17.2% reduction in HIV detection rates has been observed. However, this
reduction was in the South, Southeast, and Central-West Brazilian regions; in the North
and Northeast regions, the HIV detection rate increased by 24.4% and 11.3%, respectively.
Belém, the capital of Pará, is the second Brazilian capital and has the highest HIV/AIDS
detection rate, as well as the highest AIDS mortality rate [3].

The HIV epidemic is dynamic and directly influenced in space and time by socioe-
conomic and political territorial characteristics. Therefore, to better understand the epi-
demic, the temporal and spatial analysis techniques should be applied [4]. In Libya, these
techniques were applied to study HIV infections for the identification of areas of higher
epidemic prevalence and the behavior of rates during the study period. However, studies
using both techniques are still rare [5–7]. In a literature review of studies on the incidence
of HIV infection and AIDS that used spatial analysis methods, only 14 studies were iden-
tified [4–17]. Of these, none employed the geographically weighted regression (GWR)
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to analyze the influence of social determinants of health (SDH) or the Kernel density to
study the spread of the epidemic. In addition, only two studies [5,6] used the temporal
approach focusing only on the annual variation of incidence rates. Furthermore, although
in the spatial analysis it is possible to analyze the time–space association, the results are
restricted to a specific time period, overlooking other important components of the time
series, such as seasonality, inflection point, and forecasting. Seasonality analysis is essential
to observe whether the detection rate fluctuates, and the inflection point shows the exact
time when the behavior of the time series changes. Theses analyses can suggest social or
political influences on the epidemic. Forecasting analysis is an important tool to predict
how an epidemic will behave in the future and can alert the health authorities to implement
public policies in advance.

Therefore, in this study, we analyzed the HIV epidemic in Belém using the Box and
Jenkins method to analyze the time series seasonality, the inflection point, and forecasting.
For the spatial analysis, we employed the HIV/AIDS detection rate distribution and spatial
autocorrelation to identify hotspots for HIV/AIDS incidence, Kernel density to observe
the expansion of the HIV epidemic, scan statistics to search for the HIV-risk areas, and
GWR to analyze the association of incidence with the SDH. The SDH were chosen based
on a literature review showing their influence on the HIV epidemic.

2. Materials and Methods

This was an ecological study that used a multi-method analysis approach to study the
HIV epidemic in Belém using secondary data of new cases of HIV infections and AIDS
reported to the Notifiable Diseases Information System (SINAN) in 2007–2018. Belém,
the capital of Pará (Figure 1), is the largest city in the Brazilian Amazon region, with
a territorial area of 1,059,458 km2 and a population of 1,446,042 people [18] living in its
71 neighborhoods and 26 islands [19]. It is the sixth Brazilian municipality and has the
highest social vulnerability index (SVI) of 0.317. Moreover, it has a high income inequality
Gini index of 0.59 [20,21]. Furthermore, Belém has the highest population density in the
Brazilian Amazon region, a low coverage of primary healthcare services (22%), and only
two specialized healthcare locations that can address PLHIV.
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2.1. Unit of Analysis

The cartographic base of the human development unit (HDU), which is publicly
available on the website of the Atlas of Human Development [20], was used for the spatial
analysis. Belém is divided into 161 HDUs, but we used only 151 units for the analysis. All
islands (10 HDUs) were excluded due to the pressure and spatial continuity of the spatial
analysis techniques used for the object under study [22].

Of the analysis units, 57 formed the central area of the city, 39 formed the transition
area, and 55 formed the expanding area. The central area is the region with the highest
concentration of urban services and healthcare locations; it is the region with the highest
quality of life in Belém. The transition and expanding areas are characterized by numerous
socioenvironmental problems, reflecting the scarcity of public policies [23].

2.2. Study Population

The study population was composed of new reported cases of HIV/AIDS in people
aged 11 years and older. These data were reported to SINAN and were provided by the
Pará Health Department. We included all the notifications that contained the complete
home addresses of the cases. Notifications of people living in penitentiaries, asylums or
orphanages were excluded. Moreover, the participants were not identified since the data
were de-identified.

2.3. Study Variables and Data Source

The HIV/AIDS incidence rate was considered a dependent variable. The social and
economic indicators of each HDU in the municipality were considered as independent
variables. The incidence rate was calculated based on the number of new HIV/AIDS
reported cases; the specific population of each HDU was used as the base. Then, the results
were multiplied by 100,000 inhabitants.

The demographic data were obtained from the 2010 demographic census of the Brazilian
Institute of Geography and Statistics (IBGE), the social and economic data in the Atlas of
Social Vulnerability (http://ivs.ipea.gov.br/index.php/pt/; accessed on 1 July 2020), and the
Atlas of Human Development (http://www.atlasbrasil.org.br/; accessed on 1 July 2020).

2.4. Time Series Analysis

The time series analysis was carried out using the autoregressive integrated moving
average (ARIMA), followed by the Box and Jenkins method for data adjustment [24], in
RStudio software, version 1.3.959 (RStudio, Boston, MA, USA). We used the monthly
HIV/AIDS incidence rates.

The ARIMA model for the time series was estimated by the auto.arima function, which
is available in the forecast package. The tests of absence of autocorrelation (Box–Pierce),
normality (Kolmogorov–Smirnov), and the t-test of average nullity were used to validate
the model in the residual analysis. In the graphical analysis, the fit of the forecasts proved
to be unsatisfactory, and the seasonal and trend decomposition using the Loess forecasting
method was applied. This method combines the STL methodology with ARIMA models to
try to replicate patterns for the future [25].

To evaluate the predictive performance of the models, we considered the root mean
square error (RMSE), mean absolute error (MAE), and mean absolute percentage error
(MAPE). After selection of the best fitting model, the predictive analysis was performed for
a 4-year period (2019–2022).

2.5. Spatial Analysis

Initially, all the home addresses were georeferenced and geocoded in the QGIS® 2.18 soft-
ware (OSGeo, Beaverton, OR, USA) for the spatial analysis using the geographic coordinate
system decimal degrees for latitude and longitude. The sex-adjusted incidence rates for
the 4-year period were calculated for the HDUs to avoid the annual variances (2007–2010,
2011–2014, and 2015–2018), and for the 12 years of the study for each of the HDUs.

http://ivs.ipea.gov.br/index.php/pt/
http://www.atlasbrasil.org.br/
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The sex-adjusted HIV/AIDS incidence rates for the HDUs were obtained using the direct
method [26] in the Microsoft Office Excel 2016 software (Microsoft, Redmond, WA, USA). Then,
the Shapiro–Wilk test was applied to verify the normality of the incidence rate distribution.

2.5.1. Spatial Distribution of HIV/AIDS Incidence

The spatial distribution of HIV/AIDS incidence was analyzed through the choropleth
maps constructed by ArcGis 10.2 (ESRI, Redlands, CA, USA). We applied the autocorrelation
spatial analysis using the Getis–Ord General G with 999 permutations and Getis–Ord Gi*.
The first analysis showed the presence or absence of spatial autocorrelation. The second
analysis showed the hotspot and coldspot areas. We adopted the first-order queen type matrix
and only the municipalities that shared edges and corners were considered as neighbors.
Moreover, we considered only clusters with z-scores higher than 1.96 (p-value ≤ 0.05).

2.5.2. Kernel Density Estimation and Scan Statistics

The Kernel density estimation technique was used to show the expansion of the
HIV epidemic in Belém during the period of the study. It is an exploratory interpolation
technique that produces a density surface. The results are shown on a color scale. The
increased color intensity indicates a more concentrated event in space [27]. A radius
of 1000 m [28] and a quadratic function were adopted as parameters. The analysis was
performed using the QGIS® 2.18 software.

To search for the HIV-risk areas, we used the spatial scanning statistical analysis [29] using
the SaTScan™ 9.6 software (Martin Kulldorff, Boston, MA, USA). We identified the spatial and
space–time clusters using the discrete Poisson model. To calculate the spatial risk, the following
criteria were applied: Circular-shaped clusters, clusters with no geographic overlapping,
maximum cluster size equal to 50% of the exposed population, and 999 replications. For the
spatiotemporal risk analysis, the same criteria were used, except for the maximum temporal
cluster size, which was considered to be 50% of the study period. A cluster was considered
at risk if its relative risk (RR) was equal to or above 1.0 at a p-value of ≤ 0.05. The 95%
confidence intervals were estimated in R software using the methods of a previous study [30],
and thematic maps were then obtained using ArcGis® 10.2 software.

2.5.3. Spatial Regression Analysis

This analysis was carried out in accordance with the approaches used in a previous
study [31]. First, the collinearity between the dependent and independent variables was tested
according to Pearson’s correlation in IBM SPSS® software (IBM, Armonk, NY, USA). The
variables with significant correlations (p < 0.05) were analyzed through the ordinary least
square (OLS) regression model. The OLS model with lower multicollinearity was inserted
into global (spatial error and spatial lag) models of spatial regression. The best explanatory
model was with the higher R2, higher adjusted R2, and smaller Akaike information criterion
(AIC) and p < 0.05. After the spatial dependency of the residuals of the chosen model was
discarded, the model was evaluated in the GWR, where the bandwidth of the kernel type
was chosen based on the lower corrected AIC (AICc). The R2, adjusted R2, AIC, and AICc
values were used to compare the OLS and GWR models. These analyses were performed
using Geoda 1.14.0 (Luc Anselin, Chicago, IL, USA) and ArcGis® 10.6 software.

2.6. Ethics

The study project was approved by the Research Ethics Committee (CEP) of the
Institute of Health Sciences of the Federal University of Pará (ICS/UFPA), under opinion no.
3.331.577. No consent terms were signed since only secondary data were used. Moreover,
the participants were not identified.
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3. Results
3.1. Time Series Analysis

During the period of the study, 6007 new cases of HIV/AIDS were reported to SINAN.
The majority of the study population was composed of individuals aged 30–49 years old
(50.9%), with a combination of men (70.7%), brown color (69.6%), high school level (32.2%),
and heterosexual (52.4%) (Table S1). The time series analysis revealed an average of one case
per 100,000 inhabitants (inhab.) and a standard deviation of 1.25. The lowest and highest
HIV/AIDS incidence rates (0.2 and 8.38) occurred in October 2013 and December 2016,
respectively. From 2007 to October 2016, the HIV/AIDS incidence rates presented a stable
trend, and an upward trend was observed from November to December 2016. From January
2017, the incidence rate showed irregular upward and downward fluctuations until the
end of December 2018. The absence of seasonality was confirmed by the Kruskal–Wallis
test with a p-value < 0.00.

The best model to describe the variability of the data over time was STL + ARIMA
(2,1,2). Table 1 shows the residuals and forecasting parameters of the time series.

Table 1. Residuals and forecasting parameters of the STL + ARIMA model (2,1,2).

Test p-Value

Kolmogorov–Smirnov <0.001
F 0.712

Box–Pierce 0.808
Model STL + ARIMA (2,1,2)

RMSE 0.64
MAE 0.35

MAPE 83.48

Figure 2A shows the incidence rates from 2007 to 2018. The STL + ARIMA (2,1,2)
model was fitted to the HIV/AIDS incidence rates in Belém, PA, and the forecast of these
rates from 2019 to 2022 is shown in Figure 2B. Stability in average terms was observed for
the forecast period. The highest values were obtained from January to May, followed by
a reduction from June to July, when the lowest values were obtained. A small increase was
observed in August, followed by a reduction in September, after which the incidence rate
gradually increased again.
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3.2. Spatial Analysis

In the spatial analysis, we considered 5985 (99.63%) cases since notifications were
made without the home address for 22 cases. Figure 3 shows the spatial distribution of the
HIV/AIDS sex-adjusted incidence rates for the 12 years of the study (Figure 3A) and for
each quadrennium (Figure 3B–D). The highest incidences were found in the central and
transition areas of the municipality.
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Figure 3. Map of the distribution of the standardized incidence rates of HIV infection and AIDS.
(A) 2007–2018, (B) 2007–2010, (C) 2011–2014, and (D) 2015–2018 in Belém, PA, Brazil.

The Getis–Ord General G analysis showed that the G indexes were statistically signifi-
cant for the 12 years of the study and for the second and the third quadrenniums (2011–2014
and 2015–2018, respectively) (Table 2). However, the local index, Gi* local, showed clus-
ters with hotspot and coldspot areas of statistical significance in all the analyzed periods
(Figure 4). Hotspots were observed in the central and transition areas of Belém with a 99%
or 95% confidence level. The coldspots were located in the expansion area of the city.

Figure 5A shows the Kernel density analysis results for the period of the study. A higher
concentration of new reported cases of HIV infections and AIDS was observed in the central
area compared with the other areas. The analysis per quadrennium showed an expansion of
the HIV epidemic from the central area toward the expansion area (Figure 5B–D).

Table 2. Getis–Ord General G spatial association analysis of HIV infection and AIDS incidence rates
in Belém, PA, Brazil (2007–2018).

Incidence Rate Observed General G Z-Score p-Value

2007–2018 0.041 3.464 0.000
2007–2010 0.036 0.642 0.524
2011–2014 0.046 4.157 0.008
2015–2018 0.043 3.404 0.001
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Figure 6A,B shows the spatial and spatiotemporal risk for HIV/AIDS. Four areas were
considered to have a spatial risk for HIV (cluster 7: RR = 1.39, CI 95% = 1.26–1.54, p = 0.000;
cluster 8: RR = 1.53, CI 95% = 1.40–1.68, p = 0.001; cluster 9: RR = 1.91, CI 95% = 1.46–2.49,
p = 0.013; cluster 10: RR = 3.65, CI 95% = 2.47–5.34, p = 0.004). The spatiotemporal risk
area was identified as the period of 2017–2018, and the cluster consisted of 58 HDUs with
a population of 1,988,264 inhabitants, 1708 HIV/AIDS new reported cases, and an incidence
rate of 41.3 (×100,000 inhabitants) (RR = 4.24, CI 95% = 3.92–4.52, p = 0.003).
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reported cases of HIV/AIDS in Belém, PA, Brazil (2007–2018).

Table S2 shows Pearson’s correlation analysis between the sex-adjusted HIV/AIDS in-
cidence rates and the independent variables. In the construction of the OLS, three variables
with p-values ≤ 0.05 were used. Only the variable ‘Family Health Strategy (FHS) coverage’
was used in the GWR due to the smaller multicollinearity and AIC values (GWR: R2 = 0.40;
Adjusted R2 = 0.38, AICc = 1313.7; OLS: R2 = 0.27; Adjusted R2 = 0.27, AIC = 1334.2).
The analysis of the spatial autocorrelation of the residues of the GWR showed no spatial
dependence (Moran I = 0.05, p-value = 0.184).

Figure 7 shows the GWR analysis maps. For this model, the local R2 value ranged
from 0.01 to 0.66 (Figure 7A). Figure 7B shows the distribution of FHS coverage in Belém.
The β coefficient values indicated where the explanatory variable had the greatest influence
on the dependent variable. The central area of Belém was where the FHS coverage had the
strongest influence on the incidence of the HIV epidemic (Figure 7C). Figure 7D confirms
the independence of the model residuals.
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Figure 7. Spatial analysis of the social determinants of health and their association with HIV epidemic
in Belém, PA, Brazil (2007–2018). (A) the local R2 value ranged from 0.01 to 0.66; (B) the distribution
of FHS coverage in Belém. The β coefficient values indicated where the explanatory variable had the
greatest influence on the dependent variable. The central area of Belém was where the FHS coverage
had the strongest influence on the incidence of the HIV epidemic (C). (D) confirms the independence
of the model residuals.

4. Discussion

The HIV epidemic in Belém had a stable trend from 2007 to October 2016. A peak in
incidence was found in December 2016, after which irregular fluctuations occurred. The
forecast model showed the stability and seasonality of the epidemic from 2019 to 2022,
with higher rates from January to May compared with the rest of the year. The highest
HIV/AIDS incidence rates were observed in the central area of Belém, with the epidemic
growing in the transition and expansion areas. The spatial risk zones were located in the
central area, whereas the spatiotemporal risk area was located in HDUs from all areas of the
city and was temporally restricted between 2017 and 2018. The incidence rates were directly
correlated with the FHS coverage. The β coefficient showed that the HIV/AIDS rates in the
central area were more sensitive to changes in the FHS coverage than the transition and
expansion areas.

Our results were different from those obtained in African countries, where the policy
‘Treatment for All’ has decreased the number of HIV/AIDS cases and the AIDS mortality
rate [32]. However, this phenomenon is not only particular to Belém. In Libya, the intensity
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of HIV gradually decreased between 1993 and 2007, a period of 25 years. This period was
followed by a subsequent increase in incidence, which peaked in 2017. Intravenous drug
use and heterosexual activities were identified as the main predisposing factors [5]. In our
temporal analysis, the noticed incidence rate peak in December 2016 was a reflection of
a widely diffuse HIV testing campaign conducted in Belém in that month, which increased
the HIV diagnosis. However, with the discontinuation of the campaign, the HIV/AIDS
diagnosis rates decreased. This result shows the necessity of expanding the population
accessibility to the HIV tests. In this sense, in 2012, the Brazilian Health Ministry decentral-
ized the tests to the Primary Healthcare Network. However, some challenges still persist,
such as unqualified health professionals for testing and diagnosis and insufficient number
of tests for the assisted population [33].

Additionally, in Belém, the PrEP distribution and the HIV treatment health services
are still centralized. Considering the low economical conditions of people from Belém,
the decentralization of these services to the Primary Healthcare Network is essential to
promote greater accessibility to these services. In Manaus, capital of Amazonas state,
a study showed that the HIV treatment decentralization increased PLHIV satisfaction and
ART adherence compared to those who assisted in centralized health centers [34,35].

In New York City, a study on the geographical distribution of Pre-Exposure Prophy-
laxis (PrEP)-dispensing facilities and on the relationships among their location, neighbor-
hood characteristics, and HIV incidence found that providers of the prophylaxis were
also located in neighborhoods with a high incidence of infection. A one-person-per-year
increase in HIV incidence was associated with a 211 (per 100,000) increase in the density of
PrEP dispensers [12].

The low level knowledge about HIV is another barrier to the elimination of the virus.
In this direction, since 2007, the Brazilian Ministry of Health implemented the Health in
School Program, in which the sexual and reproductive health education of young students
is addressed. However, a study performed among young public high school students in
Belém showed a low level of knowledge, risk behaviors toward the virus, and unawareness
of the HIV testing and prevention services places [36].

In addition to the issues of health service coverage, the centralization of monitoring,
and drug distribution, we also identified stigma and confidentiality as barriers to the
implementation of the ‘Treatment for All’ policy in Belém, thus justifying the irregularity of
the original data, as well as their unpredictability, given the high value of the MAPE [37].
On the contrary, in Zimbabwe, a study of time series ARIMA methods with HIV cases in
people aged 15 years and older revealed an ‘almost’ constant mean over time, and after
the expansion of access to treatment, new HIV infections are expected to decrease between
2019 and 2030, from approximately 31,321 to 20,071 new cases of HIV. The quality of this
prediction showed very low measures of accuracy: On average, only 3.37% of the total
number of new HIV infections are incorrect [38].

The expected seasonality may be attributed to the discontinuity of policies to combat
HIV, especially prevention services, as in the indication of PrEP, which began to be offered
in Belém from 2018. In a study conducted with men and women with a high likelihood
of exposure to HIV, negative reactions were observed from professionals regarding PrEP,
such as not believing in the safety or effectiveness of the method, attributing a higher
degree of protection to condoms and other classic methods, and difficulties in dealing
with reports of non-use of condoms concomitant with PrEP [39]. Additionally, associated
with discontinued HIV prevention policies, the forecasted increase in the incidence rates
from January to May reflect the end-of-year festivities in Belém, which increase people’s
exposure to the virus and increase the HIV diagnosis in the subsequent months. In October,
the largest catholic festivity of Pará, ‘Círio de Nazaré’, attracts millions of tourists to the
city, and in December, people go to the beaches to celebrate the new year.

The areas in Belém that are hotspots for HIV/AIDS incidence rates, as well as the areas
at risk of HIV/AIDS in the central area, have a high population density and numerous
places that provide healthcare. Moreover, a study in Rio de Janeiro, Brazil, showed that
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the municipalities with higher HIV incidence rates among the elderly are the ones with
the best economic situation and high accessibility to the healthcare system [10]. In China,
a study showed that outbreaks among men who have sex with men were also located in
areas with large populations and high economic growth [7].

The spatial–temporal risk cluster identified in Belém, in line with the evidence collected
in Zimbabwe [38], may be associated with the success of strategies to combat the virus,
such as the increased availability of rapid testing in Brazil between 2016 and 2017 [40].
Moreover, as a possible result of this success and as a corroboration of the findings of this
study, Belém increased in the ranking among capital cities according to the composite index
in the epidemiological bulletins of the disease in 2017, 2018, and 2019. Progressively, the
capital of Pará moved from the third position to the first position in terms of the indicators
of detection rates, mortality, and first CD4 count [41–43].

The HIV epidemic has spread to the expansion area of Belém; this may be associated
with the characterization of this area as a peripheral area, where the population lives with
precarious health and sports and leisure services [44]. In Pernambuco, Brazil, a study on
users enrolled in the Specialized Outpatient Service from 2010 to 2014 revealed a modi-
fication in the profile of PLHIV cases, which were previously only concentrated in large
urban centers. PLHIV cases are now also observed in regions with less urban development;
the numbers can be explained by social factors, such as poverty, low education, and the
deficiency of health services [45].

This study was limited by the ecological fallacy, indicating that the results cannot be
considered at an individual level. The use of secondary data is also a limitation, as the
quality of filled data may constitute an information bias in the investigation.

5. Conclusions

The incidence of HIV/AIDS in Belém peaked in December 2016 due to a widespread
HIV testing action. The prediction model showed incidence seasonality from 2019 to 2022,
which could be associated with the non-continuous HIV policies in the months of festivities
in the city. The central area of Belém was the region most affected by the epidemic. The
HIV epidemic progressed from the central area to transition and expanding areas. The
largest spatial–temporal risk zones were formed by HDUs from central, peripheral, and
transition areas from 2017 to 2018. The HIV/AIDS incidence rates were directly correlated
with the coverage of FHS in the HDUs.

This paper provides data for health authorities to consider in combatting HIV in Belém.
Significantly more than providing sexual health education in schools and communities, it
is necessary to increase the population accessibility to diagnosis, preventive, and treatment
healthcare places. The HIV prevention campaigns should be reinforced during the festivities
months. Decentralizing testing, PrEP, PEP, and ART as well as expanding the coverage of
FHS are necessary to ensure universal access to healthcare among Belém citizens.
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