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The study of the propagation of infectious diseases in urban centers finds a close
connection with their population's social characteristics and behavior. This work performs
a spatial analysis of dengue cases in urban centers based on the basic reproduction
numbers, R0, and incidence by planning areas (PAs), as well as their correlations with the
Human Development Index (HDI) and the number of trips. We analyzed dengue epidemics
in 2002 at two Brazilian urban centers, Belo Horizonte (BH) and Rio de Janeiro (RJ), using
PAs as spatial units. Our results reveal heterogeneous spatial scenarios for both cities, with
very weak correlations between R0 and both the number of trips and the HDI; in BH, the
values of R0 show a less spatial heterogeneous pattern than in RJ. For BH, there are
moderate correlations between incidence and both the number of trips and the HDI;
meanwhile, they weakly correlate for RJ. Finally, the absence of strong correlations be-
tween the considered measures indicates that the transmission process should be treated
considering the city as a whole.
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1. Introduction

Dengue is a viral disease caused by an arbovirus, with four known serotypes: DENV-1, DENV-2, DENV-3, and DENV-4
(Guzman & Harris, 2015). It is transmitted to humans by the bite of Aedes genus mosquitos, adapted to the urban environ-
ment and developed in tropical and subtropical areas (Simmons et al., 2012). Its incidence has increased in the last decades,
with an estimated 390million dengue infections worldwide yearly, of which 96 million manifest clinically (Bhatt et al., 2013).
It affects fiveWHO Regions, of which the Americas, Southeast Asia, andWestern Pacific are themost seriously affected (World
Health Organization - WHO, 2022).

The 2030 Agenda for Sustainable Development, unanimously adopted by all United Nations Member States in 2015,
presents a comprehensive framework that fosters peace, prosperity, and sustainability for people and the planet, both in the
present and the future. This agenda encompasses 17 Sustainable Development Goals (SDGs) that aim to eradicate poverty,
promote better health care and education, reduce inequality, and promote economic growth (United Nations - Department of
Economic and Social Affairs, 2022). SDG 3 refers to health, and its sub-goal (SDG 3.3) is to “End the epidemics of AIDS,
tuberculosis, malaria, and neglected tropical diseases and combat hepatitis, water-borne diseases, and other communicable
diseases’ (United Nations - Department of Economic and Social Affairs, 2022). Dengue is one of those diseases that are of
concern to governments of many countries, among which Brazil.

Three conditions are necessary for a dengue outbreak or epidemic to occur: a circulating serotype of the disease virus, a
population susceptible (without antibodies) to this circulating virus, and a transmitter, in this case, the Aedes aegypti
mosquito. A dengue epidemic was reported in Roraima, North Region of Brazil, due to DENV-1 and DENV-4 in 1981e82.
However, the explosion of cases in the country occurred in 1986, after their introduction in Rio de Janeiro State, Southeast
Region. In the same state, in 1990 and 2001, DENV-2 and DENV-3 were introduced, respectively, spreading epidemics in 24
other states (Nogueira et al., 2007). In 2002, Brazil was responsible for 78.6% of 986,699 cases reported in The Americas WHO
Region (PAHO / WHO, 2002), when the DENV-3 serotype caused epidemics of great magnitude, especially in the Southeast
Region. The southeast region comprises about 40% of the entire Brazilian population, and it is where the three main met-
ropolises of Brazil, S~ao Paulo, Rio de Janeiro, and Belo Horizonte, are located. (IBGE, 2002b).

The characteristics of these large urban centers, where socioeconomic inequalities are evident, offer spaces for the spread
of infectious diseases such as dengue and hinder its control. This difficulty lies in a combination of factors: high population
density; disorderly growth of cities, resulting in poor housing and lack of infrastructure for basic sanitation and garbage
collection; lack of water supply, causing storage in open containers at home (Cordeiro et al., 2011); increasing density of Aedes
mosquitos due to urban environments with tropical climate (Teixeira et al., 2009); difficulty of access to vacant lots by health
professionals for larval and mosquito control; absence of a safe vaccine and resistance of mosquitoes to insecticides.

The investigation of a relation between the occurrence of dengue fever and socioeconomic/environmental indexes for a
better understanding of the disease has been the subject of several studies (Almeida et al., 2009; Natal& Costa, 1998; Teixeira
et al., 2002; Teixeira & Medronho, 2008; Vasconcelos et al., 1998; Mondini & Neto, 2008; Freitas et al., 2020a, 2020b; Santos
et al., 2019). Although most of them associate socioeconomic levels with the occurrence of dengue, there is no consensus
about it (Mulligan et al., 2014).

Another critical factor in the spreading of dengue is the daily mobility of people, which favors the spatial spread of the
disease (Gubler, 1998). It is well known from the literature that human mobility facilitates the transmission of viruses and
proliferation to other urban spaces as long as there is a vector presence (Gil et al., 2016). The movement of adults from more
vulnerable and affected peripheral areas, who develop work activities in urban centers in the daytime far from their resi-
dences, contributes to the dispersion of the virus where the circulation of people is intense (Falc�on-Lezama et al., 2017;
MacPherson&Gushulak, 2001; Telle et al., 2016). The relevance of humanmobility is also pointed out by (Barmak et al., 2011):
his stochastic model in a city-simulating network shows the effects of urban mobility on the spread of disease. Even in the
case where the movement of an individual across the network is only considered, the epidemic spreads much more rapidly
than when only driven by mosquitoes; human mobility is far-reaching and frequent, while mosquito mobility is short-range
and becomes long-range only when it accompanies urban mobility through the means of transport.

To analyze the dengue epidemics during the summer of 2001e2002, we selected the cities of Rio de Janeiro (RJ), capital of
the state with the same name, and Belo Horizonte (BH), capital of the state of Minas Gerais, since DENV-3 entered in these
cities respectively in December of 2001 and in February of 2002 (Almeida et al., 2008; Bezerra et al., 2021; Nogueira et al.,
2005). These cities are located in the same geographic region but have characteristics that differentiate one from each
other, such as geographic, climatic, vegetation, and urban organization. Rio de Janeiro is a coastal city known for its tourist
attractions and enormous slums. Meanwhile, Belo Horizonte is surrounded bymountains and is known for being Brazil's first
planned city.

Besides dengue incidence, this study employs the concept of basic reproduction number, R0, another relevant measure for
epidemics spreading. R0, introduced in the 50s but mathematically formalized in the 90s (Diekmann et al., 2010), measures
the mean number of secondary cases caused by a single case in a fully susceptible population. If R0 < 1, there is no epidemic;
the infection can not spread in the host population. We use the expression based on the mathematical model presented in
Pinho et al. (2010), which considers the model dynamics and the force of infection obtained from the time series of actual
dengue cases. This method of estimating R0 for vector-borne transmitted diseases was applied in other contexts, for instance,
for comparing Zika and dengue epidemics spreading (Villela et al., 2017), for the co-circulating-virusesmodel (de Araújo et al.,
2023).
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However, in this work, for the first time, as far as we know, this method of calculating R0 is applied to intra-urban spatial
units and relates them to urban mobility. Therefore, R0 is a good measure of the velocity of transmission disease for DENV3
epidemics in 2002 for both the cities as awhole and their intra-urban units, whichmay help the strategies of infection control.
Public health interventions aim to reduce it to values less than one (Ridenhour et al., 2014).

In light of the preceding, this research endeavors to analyze the occurrence of dengue epidemics by investigating the
reproduction numbers associated with the Human Development Index (related to SDG 1 - No poverty), as well as urban
mobility (correlated with SDG 11 - Sustainable cities and communities) (United Nations - Department of Economic and Social
Affairs, 2022).
2. Materials and methods

In this section, we describe the elements used for our analysis: the urban centers of Rio de Janeiro (RJ) and Belo Horizonte
(BH) and the characteristics of their regions, the urban measures related to urban mobility and human development, and the
reproduction number considered for the vector-borne transmission model. According to our proposed methodology, we
calculate correlations between dengue measures and urban measures for regions of the selected Brazilian urban centers. By
dengue measures, we mean incidence and basic reproduction number, and by urban measures, we select the Human
Development Index (HDI) and the number of trips.
2.1. Study areas

This study uses data on dengue cases and urban measures of Rio de Janeiro and Belo Horizonte, both cities of the Brazilian
Southeast Region. Rio de Janeiro had a population of 5.937.251 in 2002 and a population density of 4946.35 hab/km2. Belo
Horizonte registered 2.284.469 inhabitants in the same year, with a population density of 6894.34 hab/km2 (IBGE, 2002a).
Both cities have official administrative divisions: municipality limits, districts, planning areas, and neighborhoods. In this
study, we consider the Planning Areas (PA) as spatial units, which correspond to a group of neighborhoods, as Fig. 1 shows.
Besides the quantitative analysis, their characteristics are detailed below to help understand their role in dengue spreading.

2.1.1. Rio de Janeiro's planning areas
Rio de Janeiro has 10 PAs coded as 1, 2.1, 2.2, 3.1, 3.2, 4, 5.1, 5.2, and 5.3, as Table 1 and Fig. 1C present.

C PA1 is a hub of business, boasting commercial establishments that attract a high influx of people, leading to problems
such as garbage collection and homeless population (Rio de Janeiro, 2018).

C PA2 is renowned for its tourist attractions and vertical development, particularly in the neighborhood of Copacabana.
Although it is the wealthiest region of the city, it has high rates of violence and informal occupation of hillsides.

C PA3 boasts crucial highways connecting the urban center and the international airport on Governador Island, which
also serves as a departure point for boats. However, PA3.1 experiences the lowest income levels of the city, with
neighborhoods like Complexo do Alem~ao and Mar�e (Rio de Janeiro, n.d.).

C PA4 encompasses environmental protection areas and presents challenges related to pond pollution. It also exhibits a
disparity in living conditions, with the affluent neighborhood of Barra da Tijuca coexisting alongside the economically
disadvantaged Cidade de Deus (Rio de Janeiro, 2018).

C PA5 boasts the largest territorial expanse of the city with low population density, rural activities, and horizontal
dwellings. It is a hub for mass transportation corridors and faces challenges due to the uncontrolled occupation of
slopes, mangroves, and marginal strips of river channels (de Janeiro, n.d.).
2.1.2. Belo Horizonte's planning areas
Belo Horizonte has 9 PAs (PMBH. Dep.de Inf. T�ecnicas, 2003), as Table 2 and Fig. 1B show.

C PA1 is an industrial center that established services and retail to cater to the working population of the industries.
C PA2 is the most affluent region, with high-rise buildings and a substantial daily influx of people to administrative,

financial, and commercial activities. However, it also features tourist attractions such as parks and squares.
C PA3 holds high-quality living conditions and has considerable commercial and residential value due to its proximity to

the central region.
C PA4 encompasses middle-class neighborhoods with a notable flow of people. It exhibits a significant discrepancy in

development degrees and housing characteristics.
C PA5 is the oldest and most traditional region of the city, home of Via Express Way, which connects to the city's In-

dustrial District.
C PA6 is characterized by unsuitable housing occupations, primarily accommodating many low-income populations.
C PA7, located near the center, combines vacant spaces and the highest population density across slums.
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Fig. 1. (A) Location of study areas in Brazil; (B) PAs in Belo Horizonte; (C) PAs in Rio de Janeiro.
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C PA8 comprises large buildings and tourist spaces but exhibits significant disparities with precarious conditions, making
access to specific locations challenging.

C PA9 is the farthest region from the Center, characterized by disorderly growth and inadequate infrastructure.
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Table 1
Planning Areas identifiers and examples of neighborhoods in PAs for themunicipality of Rio de Janeiro.
Source: Municipal Health Secretary of Rio de Janeiro.

Planning Areas Code Neighborhoods names

1 Centro, Santa Teresa
2.1 Copacabana, Lagoa, Rocinha
2.2 Tijuca, Andaraí
3.1 Ilha do Governador, Complexo do Alema~o, Mar�e
3.2 M�eier, Jacarezinho
3.3 Madureira, Vista Alegre
4 Cidade de Deus, Barra da Tijuca
5.1 Realengo, Bangu
5.2 Campo Grande, Guaratiba
5.3 Santa Cruz, Sepetiba
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2.2. Dengue data

The reported cases of dengue fever in both urban centers were obtained from the Notifiable Diseases Information System
(SINAN) of the Brazilian Ministry of Health (MOH). Probable cases are reported by health professionals assisting patients in
health services and then confirmed or discarded based on laboratorial or clinical criteria. Surveillance services criticize these
data, and then they are available for public access without information that allows the identification of patients. Cases were
analyzed by Epidemiological Week (EW), considering the date of onset of symptoms (Brasil. Minist�erio da Saúde. Dep. Inf. do
SUS, 2002). Concerning datasets of dengue epidemics in Rio de Janeiro, we also use the database available at the Municipal
Health Department of Rio de Janeiro (Municipal Secretary of Health and Civil Defense, 2002).

Dengue data - number of dengue cases by PA - for RJ and BH are shown in column 4 of Tables 3 and 4, respectively (Section
3). In addition, the incidence is shown in column 5 of the same tables for PAs of RJ and BH, respectively.
2.3. Urban indices

As Section 2.1 pointed out, the characteristics of PAs reveal differences concerning urban mobility and human develop-
ment features. Due to that, we use the number of trips and The Human Development Index (HDI) for both cities' PA. They are
shown in columns 6 and 7 of Table 3 (RJ's PAs) and Table 4 (BH's PAs) in Section 3.

2.3.1. Urban mobility
Urban mobility data come from Origin and Destination (OD) Surveys conducted within the analyzed municipalities. We

consider the number of trips, which represents the cumulative journeys undertaken by residents for various purposes using
anymode of transportation. Each trip refers to the starting and ending points of an individual's commutewithout considering
intermediate stops. To calculate the total number of trips for a particular PA, we sum up the commutes entering and leaving
that PA, accounting for both trips generated and trips attracted by each PA.

The State Department of Transportation conducted the OD survey in Rio de Janeiro from October 2002 to December 2003.
During this period, survey agents visited 40,000 households and interacted with 99,310 individuals across the metropolitan
region of Rio de Janeiro (Rio de Janeiro, 2003). The survey questionnaire collected information on the neighborhoods of origin
and destination for each commute, encompassing both motorized and non-motorized trips. Trips with the exact origin and
destination were grouped for analysis (Santos, 2014).

Similarly, the Belo Horizonte Metropolitan Region Development Agency (MRBH Agency) conducted a household OD
Survey in all 34 municipalities of the MRBH in 2012. The research employed homogeneous areas and macro mobility units
(MMUs) as spatial units of analysis (MRBH Agency, 2012). The MMUs, which align with the PAs, define the geographic
boundaries for this study. In this analysis, we focus on the nine MMUs as units for urban mobility analysis, explicitly
considering the trips made by residents of Belo Horizonte and trips originating and terminating within this same
municipality.

2.3.2. The human development index (HDI)
Although the PAs are not homogeneous regions concerning their population, they have a set of characteristics that

differentiate them from the others. Therefore, it is relevant to investigate the participation of socioeconomic variables, such as
the Human Development Index (HDI).

This index is calculated to illustrate the human development of regions based on three dimensions: long and healthy life,
knowledge, and a decent standard of living. It considers the indicators of life expectancy at birth, expected years of schooling,
mean years of schooling, and the gross national income per capita to generate the index. The results are classified into four
categories: low (<0.550), medium (0.550e0.699), high (0.700e0.799), and very high (>0.800), as suggested by UNDP
(2022).
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Table 2
Planning Areas identifiers and their names for the municipality
of Belo Horizonte. Source: Municipal Health Secretary of Belo
Horizonte.

Planning Area Code Name

1 Barreiro
2 Centro-Sul
3 Leste
4 Nordeste
5 Noroeste
6 Norte
7 Oeste
8 Pampulha
9 Venda Nova

Table 3
Variables related to dengue epidemics in 2002 for ten planning areas of the city of Rio de Janeiro.

PA Force of infection R0 # of cases Incidence (100,000 inh.) # of trips HDI

1 0.535 ± 0.013 3.36 ± 0.21 9854 3958.89 190,657 0.778
2.1 0.179 ± 0.015 1.76 ± 0.15 12,532 1954.83 229,211 0.847
2.2 0.354 ± 0.025 2.61 ± 0.30 8492 2385.15 92,474 0.868
3.1 0.492 ± 0.028 3.00 ± 0.06 18,328 2008.88 160,001 0.732
3.2 0.155 ± 0.017 1.67 ± 0.15 9548 1730.01 118,312 0.773
3.3 0.461 ± 0.029 3.25 ± 0.47 10,752 1104.17 176,336 0.760
4 0.465 ± 0.010 2.98 ± 0.17 27,510 3298.70 214,572 0.787
5.1 0.311 ± 0.060 2.94 ± 0.86 8154 1169.49 92,526 0.744
5.2 0.214 ± 0.038 2.12 ± 0.39 11,151 1552.90 85,275 0.710
5.3 0.245 ± 0.041 2.57 ± 0.75 23,054 6431.13 35,858 0.694

Table 4
Variables related to dengue epidemics in 2002 for nine planning areas of the city of Belo Horizonte.

PA Force of infection R0 # of cases Incidence (100,000 inh.) # of trips HDI

1 0.491 ± 0.107 2.92 ± 0.45 994 379.11 665, 733 0.660
2 0.248 ± 0.043 1.87 ± 0.15 630 236.84 2, 142, 635 0.849
3 0.329 ± 0.107 2.19 ± 0.40 1, 074 431.16 695, 114 0.739
4 0.287 ± 0.126 2.02 ± 0.45 1, 581 576.88 847, 890 0.722
5 0.455 ± 0.051 2.75 ± 0.21 2, 038 604.12 901, 593 0.749
6 0.402 ± 0.084 2.51 ± 0.33 560 289.01 552, 738 0.664
7 0.373 ± 0.114 2.38 ± 0.44 1, 098 408.64 962, 527 0.757
8 0.426 ± 0.058 2.62 ± 0.24 1, 011 708.97 834, 701 0.766
9 0.287 ± 0.037 2.02 ± 0.14 1, 216 497.21 692, 470 0.660
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We have set up a database with the HDI of each PA of Rio de Janeiro using data from the IPP (2002). For Belo Horizonte, we
collected data of each PA at Brasil (2000).
2.4. The basic reproduction number

Besides incidence, we estimate the basic reproduction numbers, R0, for the considered urban centers and for their PAs. For
that proposal, we consider the differential equations model studied by Pinho et al. (2010) to simulate dengue spreading,
which establishes a relationship between R0 and the force of infection obtained from the actual data. By force of infection L,
we mean the exponent associated with the initial exponential increase of cases, which may be obtained as the linear coef-
ficient between new and cumulative cases.

Regarding the dynamical model and the main steps of calculating R0, also developed by Pinho et al. (2010), we forward the
reader to the Appendix. Getting (7) from the Appendix, R0 is presented in terms of the parameters of the model and the force
of infection L derived by epidemic data:

R20 ¼
�

L

qm þ mm þ cm
þ 1

��
L

qh þ mh
þ 1

��
L

mm þ cm
þ 1

��
L

ah þ mh
þ 1

�
(1)

where qm and qh are the transition rates from susceptible to exposed mosquito and from susceptible to exposed human,
respectively; cm is the mosquito control parameter; mh is the human birth and death rates, ah is the human recovered rate.
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To calculate the values of R0 for the PAs of both cities, we apply the same procedure adopted for the entire city, checking
the exponential number of cases and obtaining the force of infection as the slope of the graphics between the number of new
dengue cases versus the cumulative cases.

Estimating R0 for each PA will help us to observe in which regions the transmission of the disease has more significant
initial growthwith a higher velocity of the disease spreading. Dengue incidence is the ratio of the number of dengue cases and
the resident population by PA, multiplied by 100,000 inhabitants, and R0 by PA may provide complementary information
about the disease spreading. The data and codes used are available in the GitHub repository (Silva, 2023).

2.5. Pearson's coefficients

The correlations between dengue measures and urban measures are calculated through Pearson's coefficients given:

r ¼
N

 PN
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xiyi

!
�
 PN
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! PN
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yi
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!2
3
5
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(2)

for which xi corresponds to the HDI or the number of trips, yi corresponds to R0 or incidence, and N is the number of spatial
units that are the PAs of each considered urban center. Since HDI and the number of trips may be correlated, we also calculate
their correlations.

As well known, Pearson's coefficient varies in the interval [�1, 1]; two variables present a linear correlation if their
Pearson's coefficient is 1; they anti-correlate to each other if it is �1; the smaller their absolute value, the weaker the cor-
relations. For epidemiological systems, in general, it is considered that when |r| < 0.25, it is considered very weak. When 0.25
< |r| < 0, 5, it is weak; when 0.5 < |r| < 0, 75, it is moderate and when 0.75 < |r| < 1, 0, it is strong (Colton, 1974).

3. Results

Our results focus on how dengue epidemics’ reproduction numbers and incidence behave in relation to the urban indices
for the PAs of urban centers. To do that, first, we present the reproduction numbers for the cities (as a whole) and their PAs;
then, we perform a comparative analysis of R0 and incidence related to urban indices for both cities.

3.1. R0 for dengue epidemics

From the time series of dengue cases in the cities of Rio de Janeiro and Belo Horizonte in 2002 (see Fig. 2A and C), we set up
the relation between the number of new cases per cumulative case (Fig. 2B and Fig. 2D), we obtain the respective forces of
infection L ¼ (0.570 ± 0.004) weeks�1 and L ¼ (0.420 ± 0.017) weeks�1.

We consider the more pessimistic situation to estimate the R0 values (Equation (1)), assuming that there was no practical
adult phase of vector control, cm z 0. We used mh ¼ 4 � 10�5 days�1 and ah ¼ 0.125 days�1 for the human parameters (Pinho
et al., 2010). As the entomological parameters vary with temperature, we used the mean temperature for Rio de Janeiro in
2002 provided by the National Institute of Meteorology (INMET), (25,13 ± 2,73)0C, obtaining for the mosquito mortality rate,
mm ¼ 0.0337 days�1 (values range from 0.0284 to 0.3105 days�1) and extrinsic incubation, qm ¼ 0.0957 days�1 (values range
from 0.00938 to 0.0977 days�1), leading to the value of R0 for Rio de Janeiro, R0 ¼ 3.28 ± 0.01. Analogously the mean tem-
perature for Belo Horizonte in 2002 provided by INMET is (23, 0 ± 5,5)0C, obtaining for the mosquito mortality rate,
mm ¼ 0.0365 days�1 and extrinsic incubation, qm ¼ 0.0833 days�1 in the same year, leading R0 ¼ 2.59 ± 0.01. Due to the
temperature difference between cities in 2002 and the different forces of infection in the two cities, the R0 for dengue epi-
demics in Belo Horizonte is almost 25% bigger than its value for Rio de Janeiro in 2002.

3.2. Spatial analysis of dengue

This section exhibits and analyses the results of dengue measures and urban indices for each PA in both cities.

3.2.1. Spatial distribution for case studies
Tables 3 and 4 summarize the results for PAs of RJ and BH, respectively. The columns of these tables represent (1) the PAs

identifier; (2) the estimated value of the force of infection based on dengue data; (3) the calculated values of R0 based on
Equation (1); (4) the number of dengue cases; (5) the incidence; (6) the total number of trips; (7) the Human Development
Index (HDI). The values of R0 for Rio de Janeiro's PAs vary from 1.67 to 3.36; meanwhile, the range for Belo Horizonte is
1.87e2.92.

Figs. 3 and 4 exhibit the spatial distribution of quantitative measures of dengue epidemics in 2002 in Rio de Janeiro and
Belo Horizonte, respectively. There are relevant differences between the spatial distribution of R0 and incidence for both cities.
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Fig. 2. (a) Time series of dengue cases in RJ in 2002, where EW is epidemiological week; (b) Number of new cases per cumulative cases for RJ; (c) Time series of
dengue cases in BH in 2002 and (d) Number of new cases per cumulative cases for BH.
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3.2.2. Mobility and socioeconomic conditions related to dengue epidemics
We analyze how R0 and incidence behave in relation to the number of trips, plotting their values versus the number of trips

exhibited in Tables 3 and 4.
Fig. 5A and Fig. 5B shows the plots for RJ; meanwhile, Fig. 5C and Fig. 5D for BH. The results indicate that the correlations

between incidence and the number of trips in RJ are very weak. However, they correlate moderately in BH with a Pearson
coefficient of 0.6, considering PA2 an outlier.

Analogously, we analyze how R0 and incidence behave concerning HDI, plotting their values versus those exhibited in
Tables 3 and 4. Fig. 6A and Fig. 6B shows the plots for RJ; meanwhile, Fig. 6C and Fig. 6D for BH. The results also indicate that R0
weakly correlates to HDI in RJ and BH. However, considering PA2 as an outlier for dengue epidemics in BH, incidence cor-
relates moderately with HDI, whose Pearson coefficient is 0.6. For regions with high values of HDI - [0.7, 0.8] - R0 is strongly
correlated with HDI with a Pearson coefficient of 0.77; assuming the same regions, R0 also correlates with the number of trips
with a Pearson coefficient of 0.77.

The regions PA1, PA6, and PA9 with moderate HDI (lower than 0.7) compose another group with different behavior for
which similar values of HDI are associated with low, intermediate, and high values of R0.

Table 5 summarizes the list of Pearson correlation coefficients (r) between the variables related to the dengue epidemics in
both cities in 2002 and the number of trips and HDI, except for the outlier PA2 for BH epidemics.
4. Discussion

The differences between the spatial distribution by PA for each urban center revealed in our results emphasize that the
considered measures, incidence and R0 complement the understanding of epidemics. Although these measures are hetero-
geneous for both urban centers, the range of R0 values for RJ is more extensive than its range for BH, showing that the level of
heterogeneity in RJ is more prominent than in BH. We show a complementary map of R0 for dengue epidemics in 2002 in RJ
with a finer scale based on neighborhoods in Fig. 7 to illustrate how heterogeneous the spatial distribution of R0 is. Even
though R0 was calculated by PAs, there are differences within their perimeters, with significant discrepancies in income,
housing conditions, access to water, and sanitation.

The results of correlations also confirm this heterogeneity. It is worth noting that the very weak Pearson's correlation
between HDI and the number of trips in RJ makes evident the mixed character of population distribution in this urban center.
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Fig. 3. Spatial distribution of Dengue epidemics by PA in 2002 in RJ: (a) R0; (b) Incidence.
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For BH, our results indicated moderate correlations between incidence and both HDI and number of trips, assuming PA2 as an
outlier to avoid bias since it is an atypical regionwith high values of HDI and trips. It is also a tourist and financial center where
people circulate despite not living. Conversely, concerning R0, our results indicate weak correlations with both the number of
trips and HDI in BH. However, limited to regions of high HDI (higher than 0.8), R0 strongly correlates with both HDI and
number of trips.
150



Fig. 4. Spatial distribution of Dengue epidemics by PA in 2002 in BH: (a) R0; (b) Incidence.

Fig. 5. (a) R0 � trips by PA in RJ; (b) Incidence � trips by PAs in RJ; (c) R0 � trips by PA in BH; (d) Incidence � trips by PAs in BH.
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Fig. 6. (a) R0 � HDI by PA in RJ; (b) Incidence � HDI by PAs in RJ; (c) R0 � HDI by PA in BH; (d) Incidence � HDI by PAs in BH.
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Despite the differences between both cities, the very weak correlations between R0 and HDI, as well as between R0 and the
number of trips, highlight a particular feature of the global behavior of dengue dynamical measures such as R0 related to the
initial transmission process. It indicates that those measures should be considered for the entire urban center. However, to
figure out some features of the propagation dynamics of disease in the urban center, it is vital to associate dengue measures
with the specific characteristics of its regions. For instance, R0 was the lowest value in PA2 in BH, and its force of infectionwas
not so expressive as PA1 and PA6, even in the presence of the absurdly higher number of trips. As PA2 is a commercial and
administrative center of BH, where people circulate during business time (about 8 a.m. to 6 p.m.), which produces an
accumulation of garbage, the daily cleaning does not provide breeding sites formosquitoes. In addition, the households of this
region have good sanitation and verticalization, which does not facilitate access to the vector, given its low flight ability.
People living in ground houses are at greater risk than those living in apartments (Braga et al., 2010; Mondini& Chiaravalloti-
Neto, 2008).

It is noteworthy that HDI combines socioeconomic variables to express a region's development, whose relation to dengue
fever is a relevant issue in the literature, as pointed out in the Introduction section. Results about dengue epidemics in some
Brazilian urban centers in Salvador by (Teixeira et al., 2002) and in the city of Rio de Janeiro Teixeira and Cruz (2011) revealed
high seroprevalence for all socioeconomic strata. However, (Mondini&Neto, 2008) in S~ao Jos�e do Rio Preto (in the State of S~ao
Paulo) in 2002 and (Siqueira et al., 2004) in Goiânia (in the State of Goi�as) in 2004 have found a good agreement between
higher incidence of dengue fever and lower socioeconomic levels.

In our study, as it was observed in the description of PAs of RJ, it is a city of great socioeconomic diversity, with neigh-
borhoods with better living conditions near places with low socioeconomic status and poor sanitation and garbage collection,
as well as slums distributed throughout the city (Teixeira & Cruz, 2011), which may reflect on very weak of correlation be-
tween R0 and HDI. In Belo Horizonte, a study carried out by (Cunha et al., 2008) evidenced higher seroprevalence of dengue in
low-income populations living in horizontal buildings in PA3 and PA9 (0.5 < HDI < 0.7), where more vectors were found,
when compared to PA2, the area with better living conditions, with very high HDI (HDI > 0.8). However, it must be
considered that the place of residence does not necessarily mean the place of infection. In large urban centers where the
vector population is disseminated everywhere, it is impossible to identify precisely where the infection occurred.

Concerning the effect of mobility in dengue epidemics in PAs of Rio de Janeiro, the highest value of R0, shown in Fig. 3
found in PA1, is compatible with the literature (Municipal Secretary of Health and Civil Defense, 2002) since the highest
number of cases was registered by the Health Department in the center of the city (PA1) at the beginning of the epidemics,
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Table 5
Pearson's coefficients for correlation between variables for both cities.

Variables city Pearson's coefficient (r) outlier

R0 � #oftrips RJ 0.22 -
Incidence � #oftrips RJ �0.25 -
R0 � #oftrips BH �0.33 PA2
Incidence � #oftrips BH 0.59 PA2

HDI � #oftrips RJ 0.22 -

HDI � #oftrips BH 0.80 PA2
R0 � HDI RJ �0.18 -
Incidence � HDI RJ �0.25 -
R0 � HDI BH �0.34 PA2
Incidence � HDI BH 0.61 PA2

Fig. 7. R0 of dengue epidemics in 2002 in Rio de Janeiro by neighborhoods.
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spreading rapidly towards the west and north. However, PA1 is neither among the regions with a higher number of cases nor
among the regions with higher incidence. In addition, the PAs with the highest R0 values (PA1, PA3.1, PA3.3, and PA4) of Rio de
Janeiro are directly interconnected, with ample avenues passing through their neighborhoods, reinforcing the hypothesis that
humanmobility, mainly due towork activities, facilitates the transmission of viruses as it was emphasized in the introduction
section from the literature.

According to Barmak et al. (2011), based on his stochastic model, the rapid performance of entomological surveillance
services in places with a significant movement of people at the beginning of the epidemic can contribute to eliminating
mosquito breeding sites in that region and hinder the spread of the disease throughout the city. Even though, making evident
the complex behavior of dengue dynamics in urban centers, the region PA2 in BH and PA2.1 in RJ with the highest number of
trips had the lowest value and the second lowest value of R0, respectively.

Finally, we reinforce that regions with higher R0 values do not necessarily correspond to higher incidence values, as
highlighted in Fig. 3A and Fig. 3B, as well as in Fig. 4A and 4. R0 takes into account the force of infection that measures the
initial exponential growth of dengue cases, considering some parameters to quantify the dynamics of dissemination and
transmission. On the other hand, the incidence considers the number of cases and population, which makes sense when
analyzed in temporal curves as a measure of the risk of the disease.
5. Concluding remarks

Studies such as this point to the importance of knowing the participation of human mobility in the dispersion of dengue,
thus strengthening the surveillance and containment of cases in regions where the incidence and the R0 are higher, mainly
when associated with social determinants.

Following our methodology - to calculate R0 based on dengue data and modeling and to relate R0 and incidence with HDI
and the number of trips for spatial units (PAs) of urban centers with different features - we emphasize howcomplex is dengue
dynamics in urban centers, even if our results reinforce the relevance of diversity of socioeconomic strata and the human
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mobility for dengue spreading. The calculation of R0 per PA allows us to verify which sites in the city have the larger capacity
of infection at the beginning of an epidemic, pointing to the areas that require more rigorous control measures, intending to
avoid its spread throughout the rest of the city.

Although our methodology provides insights about dengue spreading in urban centers, it is a first-glance spatial analysis
of dengue measures based on data and dynamic model considering their correlations with a socioeconomic index and human
mobility. For instance, regarding the technical aspects, we can gain precision by setting up the end of exponential phase of the
epidemic curve to estimate the force of infection based on dengue data and to estimate other coefficients, such as Spearman
coefficients, to estimate the correlations between the variables. Applying the method in other urban centers to investigate
different scenarios is also important.

Finally, another limitation of our study is the number of investigated variables since many separated infrastructure factors,
such as basic sanitation and garbage collection, and environmental factors, like temperature and rainfall, that influence vector
dynamics may be examined (Xu et al., 2017). Furthermore, in our model, we did not consider the surveillance measures
adopted by health services in an attempt to contain epidemics. The model proposed by Ghosh et al. (2019) demonstrated that
active case surveillance for symptomatic and asymptomatic individuals significantly reduces the prevalence of dengue and
the rate of bites and increases the reporting rate of cases and the mortality rate of vectors. Likewise, the isolation of cases is
essential in interrupting the transmission cycle (Sanna et al., 2018).

Regarding work in progress (Rauh et al.), the focus is on the mathematical model as well as the estimation of basic and
effective reproduction number studied in Pinho et al. (2010), performing numerical simulations based on the minimization of
errors taking into account epidemics data, and sensitivity analysis to access the influence of model's parameters and climate
variables.

Finally, as a future work, we intend to develop research with a suitable approach, considering a spatial meta-population
model to investigate the number of exported cases from one spatial unit to another one, based on the basic and effective
reproduction numbers as it was proposed by Jorge et al. (2022). Since the effective reproduction number corresponds to the
reproduction number for any time t, it is a convenient tool to investigate an epidemic process providing more information
about dengue dynamics.
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Appendix

The mathematical model used in this work was analyzed by Pinho et al. (2010). Regarding the variables, the mosquito
population is divided into four compartments: A (aquatic phase),Ms (susceptible mosquitoes),Me (exposed mosquitoes), and
Mi (infected mosquitoes). The human population, considered constant, is divided into Hs (susceptible humans), Hs (exposed
humans) and Hi (infected humans). The non-linear interactions between (Hi and Ms) and (Hs and Mi) are associated with the
mechanism of vector-borne transmission of the virus. The system of ordinary differential equations of the model is given by:
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dA
dt

¼ kdðtÞ
�
1� A

C

�
M � ðgmðtÞ þ maðtÞ þ caðtÞÞA

dMs

dt
¼ gmðtÞA� bðtÞbmðtÞMsHi

H
� ðmmðtÞ þ cmðtÞÞMs

dMe

dt
¼ bðtÞbmðtÞMsHi

H
� ðqmðtÞ þ mmðtÞ þ cmðtÞÞMe;

dMi

dt
¼ qmðtÞMe � ðmmðtÞ þ cmðtÞÞMi

dHs

dt
¼ mhðH � HsÞ � bðtÞbhðtÞHsMi

H

dHe

dt
¼ bðtÞbhðtÞHsMi

H
� ðqh þ mhÞHe;

dHi

dt
¼ qhHe � ðah þ mhÞHi;

(3)

where the transition rates from A to Ms, from Me to Mi, and from He to Hi are gm, qm and qh respectively; the number of
mosquito bites is b, the contact rates mosquito-human and human-mosquito are bm and bh respectively.

The death rates for A, M and H are given, respectively by ma, mm and mh; the control parameters are ca and cm for A and M
phases. The birth rate for A is the product of oviposition females rate d and the number k of females that hatched eggs. The
human birth rate is mh; Hi should be recovered with rate ah. Although the entomological parameters may depend on the
temperature of the urban center (Esteva & Yang, 2015), it is assumed as the average temperature. The model diagram is
outlined in Fig. 8.

Fig. 8. Diagram of vector-borne model proposed in Pinho et al. (2010).
Using the next generation operator approach ((Diekmann et al., 2010; Driessche &Watmough, 2002) to the model), Pinho
et al. (2010) have obtained the following expression for the basic reproductive number R0 associated with the disease-free
equilibrium:

R0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qhqmb2bhbm

ðqh þ mhÞðqm þ mm þ cmÞðah þ mhÞðmm þ cmÞ
M
̄
s

H

vuut
: (4)
since the disease-free equilibrium is E0 ¼ ðA
̄
;M

̄
s;0;0;H;0;0Þ, where A

̄
and M

̄
s are given by
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A
̄
¼ C

ðmm þ cmÞ
�
1� 1

RM

�
; M

̄
s ¼ gmA

̄

ðmm þ cmÞ; (5)

where RM, the “basic offspring” of the mosquito population, is given by
RM ¼ kdgm
ðmm þ cmÞðgm þ ma þ caÞ: (6)
After that, they have considered the real epidemics data following Favier et al. (2006); Pinho et al. (2010) have assumed
that, at the beginning of the epidemics, the cumulative number of cases grows exponentially, i.e., HIf exp(Lt), whereL is the
force of infection, as well as the other compartments with the pathogen (He, MI, ME). Then Pinho et al. (2010) have replaced
those assumptions in (3), and after some calculations, they have obtained that (4) may be re-written in terms of L and some
parameters of the model as

R20 ¼
�

L

qm þ mm þ cm
þ 1

��
L

qh þ mh
þ 1

��
L

mm þ cm
þ 1

��
L

ah þ mh
þ 1

�
(7)
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