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Dengue infection is a public health problemwith a complex distribution. The physical means of propagation and
the dynamics of diffusion of the disease betweenmunicipalities need to be analysed to direct efficient public pol-
icies to prevent dengue infection. The present studypresents correlations of occurrences of reported cases of den-
gue infection among municipalities, self-organized criticality (SOC), and transportation between areas,
identifying the municipalities that play an important role in the diffusion of dengue across the state of Bahia,
Brazil. The significant correlation found between the correlation network and the SOC demonstrates that the pat-
tern of intramunicipal diffusion of dengue is coupled to the pattern of synchronisation between the municipali-
ties. Transportation emerges as influential in the dynamics of diffusion of epidemics by acting on the
aforementioned variables.
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1. Introduction

From the 1990s (Gubler and Meltzer, 1999) to the present
(Siriyasatien et al., 2016; Teixeira et al., 2009), dengue has been one of
the main re-emerging diseases in the tropics. More than one million
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cases of dengue infection were reported in Latin American countries in
2002; 17,000 of these cases corresponded to dengue hemorrhagic
fever (DHF), and 225 deaths were recorded (Nogueira et al., 2005). In
2012, approximately 2.5 billion people worldwide were at high risk of
infection, ranking dengue among the top re-emerging diseases that
pose the most serious public health threat (Braga and Valle, 2007). Ap-
proximately two-thirds of the world's population is susceptible to den-
gue infection. Due to the lack of efficacious medications and vaccines,
vector control is the single primary intervention resource available. Un-
derstanding the dynamics of circulation of the dengue virus and its
transmitting agent as well as the interactions between the virus and
its hosts is indispensable for the development of epidemiological con-
trol strategies (Guo et al., 2010). Among viral epidemic diseases, den-
gue, a vector-borne infectious disease, has very complex dynamics of
transmission. According to estimates by theWorld Health Organization
(WHO), approximately 80million people are infected annually in many
countries, but not in thosewith a temperate climate that cannot support
mosquitoes. Technological advances have provided humankind new
possibilities for locomotion. While this fact represents progress in
human development, it also represents an increase in the risk of occur-
rence of epidemics on a wider scale. The development of epidemic
models that simulate the dynamics of infectious diseases in evolving so-
cieties (i.e., population growth, increasing urbanization, and frequent
transit of people using different modes of transport) poses a contempo-
rary challenge. Several studies in the literature (Emmendorfer and
Rodrigues, 2001; Holmes, 1997; Guevara-Souza and Vallejo, 2015;
Brockmann and Helbing, 2013; Eggo et al., 2011; Flahault and Valleron,
1992; Gautreau et al., 2008;Gomes et al., 2014; Tizzoni et al., 2014) have
investigated the dynamics of propagation of epidemics from various
perspectives and using different types of models. The state of Bahia,
Brazil, has an area of 567,295 km2 and is divided into 417municipalities,
mainly connected by a land transportation network. Bahia's territorial
area is larger than the areas of countries such France (543,965 km2)
and Spain (504,030 km2). According to the Health Ministry and based
on data collected by the National Program for Dengue Control
(Programa Nacional de Controle da Dengue - PNCD), among all of the
municipalities that comprise the State of Bahia, only 45 (10.79%) are
classified as high-priority sites for control actions. Priority is established
based on the population and epidemiological characteristics such as
capital cities, metropolitan areas, municipalities with ≥50,000 inhabi-
tants, and municipalities with a high immigration rate (i.e., areas near
borders and ports and tourist attraction centres) (BRASIL, 2008). Aedes
aegypti is present in 99.5% of Bahia's municipalities, and four virus sero-
types have been found to circulate in these areas: DENV-1, DENV-2,
DENV-3, and DENV-4 (CNT, 2011). The virus circulates across munici-
palities via 22 federal and 11 state highways, totaling 7368 km and
consisting of 165 km of four-lane roads and 7203 km of two-lane
roads (CNT, 2011). Considering that the diffusion of dengue is a genu-
inely complex system, its study might be facilitated by the use of com-
plex network tools and critically self-organized systems. The scientific
community is developing models for dengue and other epidemics
(Brauer et al., 2001; Souza et al., 2006; Souza et al., 2007; Vieira,
2005). According to Adami (1995), sets of entities with auto-
replicating characteristics, such as biological systems, naturally evolve
into a self-organized critical state. The behaviour of SOC as amechanism
that characterizes the dynamics of epidemics was described by Rhodes
and Anderson (Rhodes et al., 1996), in this study was characterized
the dynamic patterns of measles outbreaks in the Faroe Islands in the
North Atlantic Ocean. Regarding dengue, SOC behaviors were detected
in a time series of cases of dengue infection reported in all 417 Bahia
municipalities (Saba et al., 2014a). In the Sharma et al. (2014) study,
was carried out on the spread of dengue in order to investigate the influ-
ence of different road networks on the spatio-temporal distribution of
dengue cases associated with transport sites in Trinidad, West Indies.

The complex networks approach involving correlation networks
was first applied in a brain activity study (Eguiluz et al., 2005). In this
study, networks were constructed based on time series of brain activa-
tion, in which the brain areas were represented as vertices, and the cor-
relations among themwere represented as edges linking the vertices. A
similar approach was applied in epidemiological studies; the authors
constructed a correlation network between occurrences of reported
cases of dengue infection between municipalities in the state of Bahia.
The results indicated a significant correlation between the incidence of
dengue in each municipality and the degree of connectivity of each
county within the correlation network (Saba et al., 2014b). The objec-
tive of this study is demonstrates the presence of correlations among
the critical phenomenon, complex network, and physical means of
propagation in the distribution of the occurrence of cases of dengue in-
fection in the state of Bahia.

2. Material and methods

The process of data collection, processing, and analysis are repre-
sented in Fig. 1. The process beginswith the analysed database, followed
by data pre-processing, duringwhich the data were separated and clus-
tered (i.e., filtered). The data were then analysed, and the networks
were constructed. Finally, the hypotheses of correlations were evaluat-
ed, and thus the results were obtained. A detailed description of each
step is present below.

2.1. Data collection and mining

About transportation, data were collected on the number of
intermunicipal buses for eachmunicipality in the state of Bahia, not con-
sidering local lines. The information was collected from the database of
the State Agency of Regulation of Public Energy, Transportation, and
Communication Services of Bahia (Agência Estadual de Regulação de
Serviços Públicos de Energia, Transporte e Comunicações da Bahia -
AGERBA) which includes the bus lines in each municipality each day
of the week (AGERBA, 2013). The data regarding dengue infection
were collected from the records of the National Notifiable Diseases Sys-
tem (Sistema Nacional de Agravos de Notificação - SINAN) and the
Health Secretary of the State of Bahia (Secretaria de Saúde do Estado
da Bahia - SESAB). All cases of dengue infection reported in the specified
period and that met the dengue case definition criteria established by
the healthcare services and standardised by the Health Ministry were
included in the study. The variables considered included themunicipal-
ities in which the cases occurred and the date of notification. We recall
that all data used in this paper are public and can be obtained from
AGERBA and SINAN websites. Daily occurrences of dengue cases in all
417 municipalities of Bahia from January 1, 2000 to April 26, 2009
were considered. The number of occurrences totalled 353,022 cases.
The roadmaps of Bahia (MAPA) were analysed, and a survey of the fed-
eral and state highways interconnecting the state municipalities was
performed.

Themethod used in the present study consisted of assessing correla-
tions amongmunicipalities with respect to three types of networks: the
transportation network of Bahia, a transport flow network, and
Pearson's correlation networks.

2.2. Transportation network of Bahia

The federal and state highways that interconnect the municipalities
of Bahia were surveyed based on an analysis of the state road maps. In
the construction of the state transportation network, each of the 417
municipalities was represented by a vertex (i.e., node), and the
stretches of federal and state highways interconnecting the counties
were represented by edges joining one vertex to the others. All 22 fed-
eral and 11 state highways across Bahia were considered, totalling
7368 km and consisting of 165 km of four-lane roads and 7203 km of
two-lane roads. Towns and districts were not considered nodes



Fig. 1. Studyflowchart. Agência Estadual de Regulação de Serviços Públicos de Energia, Transporte e Comunicações da Bahia - AGERBA, SistemaNacional deAgravos deNotificação - SINAN
and Mapa Rodoviário da Bahia - MAPA.

Fig. 2. Occurrences per day in six typical dengue time series in municipalities of Bahia,
2005 to 2009.
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(i.e., vertices) because dengue cases, the focus of the present study, are
recorded by the municipal health secretaries (Saba et al., 2008).

2.3. Transport flow network

In the construction of this network, the nodes represented munici-
palities, and the edges represented the availability of intermunicipal
lines between any two municipalities. The node degree was defined
based on the number of intermunicipal buses in each municipality.

2.4. Pearson's correlation networks of dengue infection

Pearson's correlation networkswere constructed to examine the dif-
fusion dynamics of the disease (Eguiluz et al., 2005; Abe and Suzuki,
2004). In the present study, we applied the methods formulated by
Saba et al. (2014a) to the construction of dengue correlation networks
(DCN) formalisedwithin the context of a time-varying graph (TVG). Ac-
cording to Saba et al. (2014a), the DCN nodes represent municipalities,
while the edges are defined based on a presence function F(Ci , j, t), for-
mally defined as:

F Cij; t
� � ¼ 1; if cij tð Þ≥c

0; if cij tð Þbc0 ∀t∈T;∀cij∈C
� ��

ð1Þ

where cij(t) represents the correlation between dengue cases in munic-
ipalities i and j at time t. This definition implies that any twomunicipal-
ities are only connected within the network when the measured
correlation ci , j(t) reaches a sufficient level ð≤cÞ. In the present study,
for the sake of simplicity, c was considered a constant over time, and
no loss of generality was found. A collapsed network of each TVG was
constructed. A collapsed network consists of the integration of the full
set of TVG networks in one single weighted network. The weights of
the edges in a collapsed network represent the number of times an
edge occurred over the investigated period of time. Thus, collapsed net-
works allow the assessment of pairs of nodes that are highly correlated
over time. The weights of the edges in a collapsed network are formally
defined by the following equation:

Cij ¼ ∑T
t¼1 F ci; j; t

� � ð2Þ
where, ci ,j represents theweight of the edge in a collapsed network join-
ing nodes i and j, and T represents the total period of analysis of the TVG.

3. Results

An analysis of all dengue cases reported from January 2000 to April
2009 suggest correlations among different municipalities, as illustrated
in the example in Fig. 2 between municipalities Feira de Santana and
Ilheus. The peakoccurrence in themunicipalities, shown in Fig. 2, result-
ed in a heterogeneous distribution of the peaks over time, producing an
asynchronous and time variable behaviour. As a result, the number of
days in which no case of infection was reported was much smaller in
the entire state of Bahia than for each individual municipality. This con-
tinuity in the occurrence of cases at the state level might be accounted
for by migration between municipalities. This hypothesis was tested
by an analysis of the correlation among the following variables: trans-
portation network degree, correlation network degree, criticality expo-
nents, and the incidence of dengue.

Image of Fig. 1
Image of Fig. 2


Fig. 4.Randomisation of the relationship between the number of intermunicipal buses per
week and the degree of the correlation network.
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The results of the present study are described in four separate sec-
tions. In the first section, we discuss the correlation between the degree
of the correlation network of cases of dengue (Saba et al., 2014b) and
the criticality exponents (i.e., gamma) (Saba et al., 2014a). In the second
section, we tested the hypothesis that migration between municipali-
ties, represented by the transportation network, accounts for the corre-
lation of cases between municipalities. The third section addresses the
correlation between the criticality exponents (i.e., gamma) (Saba
et al., 2014a) and incidence. Finally, the fourth section presents a gener-
al view of the correlations analysed in the present study.

3.1. Correlation between the degree of the correlation network of cases of
dengue among municipalities of Bahia and the criticality exponents (SOC)

Using Spearman's correlation, after 100,000 randomisations, the p-
value was 0.00343, which indicates that the correlation was greater
than or equal to the original correlation in only 0.343% of the set of
randomisations. These findings are shown in Fig. 3 and indicate a signif-
icant correlation between the variables incidence and degree of net-
work correlation in Bahia municipalities.

3.2. Number of weekly intermunicipal buses versus the degree of the corre-
lation network

The study by Saba et al. (2014a) described the correlation between a
land transportationnetwork and reported cases of dengue in the state of
Bahia. To achieve a more accurate representation of the flow of individ-
uals amongmunicipalities in the present study, the degree of the trans-
portation networkwas replaced by the number of buses that circulate in
each municipality per week. The correlation relative to 100,000
randomisations produced a p-value of 1e-5, which indicates that the
correlation was greater than or equal to the original correlation in
only 0.001% of the set of randomisations (Fig. 4).

3.3. Criticality exponents versus incidence

A significant correlationwas not found between the criticality expo-
nents and disease incidence. A randomisation test was applied, which
resulted in a p-value of 0.54175, i.e., the correlation was greater than
or equal to the original correlation in 54.17% of the cases.

3.4. General view of the correlations

Fig. 5 provides a general summary of the results of the present and
previous studies. Significant correlations were found among the vari-
ables associated with transportation, the correlation network, and the
Fig. 3. Randomisation of the relationship between the degree of the correlation network
and criticality exponents.
SOC. However, the disease incidence exhibited a significant association
with the variables transportation and correlation network.

Fig. 6 shows the combination of correlation, transportation and inci-
dence for the eleven highest degree in correlation network. This combi-
nation highlights the municipalities (georeferenced) with the highest
risk of dengue spread, since municipalities with a high degree of corre-
lation imply a greater influence on the correlation network, andmunic-
ipalities with a greater incidence are related with an internal dynamic
that foment the onset of the disease.

4. Discussion

The present study assessed the mechanisms of diffusion of dengue
based on the results of two general techniques: correlation networks
and SOC. These techniques have different scales. The results of SOC rep-
resent the diffusion dynamics of dengue at the municipality level
(i.e., intramunicipal), and the results of the correlation network reflect
the diffusion dynamics at the intermunicipal level. The central hypoth-
esis was that intermunicipal transportation is the main mechanism of
diffusion of dengue epidemics. The summary of the results depicted in
Fig. 5 confirms this hypothesis, thus indicating that transportation is a
relevant physical means for the diffusion of dengue. The correlation be-
tween the number of intermunicipal bus lines in the transportation net-
work and the criticality exponents (according to the SOC) demonstrates
the presence of a relationship between the flow of people into/out of a
givenmunicipality and thepattern of diffusion of the disease in thatmu-
nicipality. A possible explanation for this correlation is the occurrence of
a break in the municipality isolation, allowing for the arrival of new
cases in the course of thediffusion of the disease. The lack of a significant
correlation between the SOC and disease incidence indicates that the
latter factor does not influence the pattern of diffusion of the disease
within amunicipality, thus reinforcing the central role of transportation
in the diffusion of dengue at the intramunicipal level. The correlation
network of dengue among counties exhibited a significant correlation
with the transportation network, which indicates that at the
intermunicipal level, an increase in the number of bus lines increases
the synchronisation between the occurrences of reported cases of dis-
ease in the municipalities, i.e., transportation enables intermunicipal
contamination. The significant correlation between the correlation net-
work and the SOC demonstrates that the dengue diffusion inside a mu-
nicipality is coupled to the pattern of synchronisation between
municipalities.

5. Conclusions

In summary, these discussions suggest that Transportation is influ-
ential in the dynamics of diffusion of epidemics and affects the other
variables. According to the correlations of reported cases of dengue

Image of Fig. 3
Image of Fig. 4


Fig. 5. Correlation network of the results.
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among municipalities in the state of Bahia, transportation and SOC
might contribute to the development of more efficient strategies for
the prevention of dengue. The joint consideration of the connectivity
Fig. 6. Transport network showing the eleven-highest municipalities in correlation degree. C
incidence. Edges colors are the mean color from adjacents nodes.
within the correlation network, data on transportation, and the critical-
ity exponents demonstrates the relevance of each individualmunicipal-
ity in the dynamics of the diffusion of dengue in the state of Bahia.
olors represent dengue incidence range, from white = 0 incidence to red = maximum

Image of Fig. 5
Image of Fig. 6
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