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Abstract 

Background: More than 5 years after the Zika virus (ZIKV) epidemic, Zika infection remains a major concern in 
regions with high Aedes infestation. The objectives of this study were (i) to identify clusters of ZIKV infection and 
microcephaly, and/or central nervous system (CNS) alterations associated with congenital infection during the 
epidemic peak in 2016 and subsequently, in 2017 and 2018; (ii) to measure the non-spatial correlation between ZIKV 
infection and microcephaly and/or CNS alterations associated with congenital infection; and (iii) to analyse the soci-
odemographic/economic, health, and environmental determinants associated with the incidence of ZIKV in a region 
of high infestation by Aedes aegypti in the Central-West Region of Brazil.

Methods: This ecological study analysed 246 municipalities in the state of Goiás (6.9 million inhabitants). The data 
were obtained from the Information System for Notifiable Diseases (ZIKV cases) and the Public Health Event Regis-
try (microcephaly and/or CNS alterations associated with congenital infection). Incidence rates and prevalence of 
ZIKA infection were smoothed by an empirical Bayesian estimator (LEbayes), producing the local empirical Bayesian 
rate (LEBR). In the spatial analysis, ZIKV infection and microcephaly cases were georeferenced by the municipality of 
residence for 2016 and grouped for 2017 and 2018. Global Moran’s I and the Hot Spot Analysis tool (Getis-Ord Gi* sta-
tistics) were used to analyse the spatial autocorrelation and clusters of ZIKV infection and microcephaly, respectively. A 
generalised linear model from the Poisson family was used to assess the association between ecological determinants 
and the smoothing incidence rate of ZIKV infection.

Results: A total of 9892 cases of acute ZIKV infection and 121 cases of microcephaly were confirmed. The mean LEBR 
of the ZIKV infection in the 246 municipalities was 22.3 cases/100,000 inhabitants in 2016, and 10.3 cases/100,000 
inhabitants in 2017 and 2018. The LEBR of the prevalence rate of microcephaly and/or CNS alterations associated with 
congenital infection was 7 cases/10,000 live births in 2016 and 2 cases/10,000 live births during 2017–2018. Hotspots 
of ZIKV infection and microcephaly cases were identified in the capital and neighbouring municipalities in 2016, with 
new clusters in the following years. In a multiple regression Poisson analysis, ZIKV infection was associated with higher 
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Background
The Zika virus (ZIKV) is an arbovirus whose main vec-
tor of transmission in urban areas is the Aedes mosquito. 
The ZIKV was isolated for the first time in the 1940s 
and is considered to be a zoonotic pathogen associ-
ated with rare cases of benign acute febrile disease. This 
virus has circulated for more than 5 decades, silently, 
and is restricted to some regions of Africa and Asia [1]. 
The ZIKV has attracted worldwide attention since 2007, 
after the outbreaks of exanthematic dengue-like disease 
in Micronesia and then in French Polynesia, followed by 
an outbreak of Guillain–Barre syndrome [2, 3]. The first 
autochthonous cases of ZIKV infection in the Americas 
were identified in the Northeast region of Brazil in early 
2015 [4, 5]. The virus had spread throughout the Brazil-
ian territory, with an increase in the number of Guillain–
Barre syndrome cases and an unprecedented increase in 
the history of medicine in cases of congenital microceph-
aly [6]. Robust scientific evidence has confirmed the link 
between prenatal ZIKV infection and congenital Zika 
syndrome (CZS), of which microcephaly is only one fea-
ture [7–10].

It is estimated that 2.2 billion people live in areas at 
risk for ZIKV infection [11, 12]. Globally, tropical and 
subtropical regions are ripe for the autochthonous 
transmission of ZIKV, because of the combination of 
climatic factors, level of vector infestation, and socio-
demographic conditions [13–15]. In 2019, 87 countries 
recorded ZIKV vector transmission, and 61 other coun-
tries had evidence of the presence of competent vectors 
but without reported cases of infection. Central and 
South America, and the Caribbean accumulate most 
cases of ZIKV infection and CZS [1, 16]. In these regions, 
the peak of the ZIKV epidemic was in 2015 and 2016, 
with a decrease during subsequent years [1]. Considering 
the existence of the ZIKV-naive population living in risk 
areas, there is a potential for new outbreaks in previously 
affected regions or expansion to other regions, such as in 
Angola and India, in 2018 [16].

Brazil was the epicentre of the ZIKV infection and 
microcephaly epidemics, which were most concentrated 
in the Northeast and Southeast regions of the country, on 
the Atlantic coast. Since then, ZIKV has spread through-
out the country, with more than 19,000 suspected cases 

of CZS and approximately 3500 confirmed cases in 2020 
[17]. The epidemiological pattern of explosive outbreaks 
(2015 and 2016), followed by an abrupt reduction in cases 
of acute disease, suggests the acquisition of protective 
immunity in the population [18]. In general, explosive 
epidemics followed by apparent epidemiological silence 
have been recorded in descriptive studies and modelling 
for different arboviruses that share the same vector, such 
as ZIKV, dengue virus, and Chikungunya virus [19–22].

Brazilian studies show a heterogeneous geographi-
cal distribution of ZIKV infection and microcephaly 
[23–26], potentially explained by climatic factors, vec-
tor abundance, and unfavourable socioeconomic condi-
tions [27–29]. Epidemiological studies have mostly been 
conducted in areas with higher incidences of acute ZIKV 
disease and of microcephaly [27, 28, 30]. However, there 
is little known about the regions that were less affected 
in the first wave, such as the Central-West region. These 
areas, otherwise considered cold in national assess-
ments [26], are potential risk areas for new outbreaks 
due to the susceptible population and favourable condi-
tions for arboviruses. The objectives of the present study 
were as follows: (i) to identify clusters of ZIKV infection 
and microcephaly and/or central nervous system (CNS) 
alterations associated with congenital infection during 
the epidemic peak (2016) and in the subsequent years of 
2017 and 2018; (ii) to measure the non-spatial correlation 
between ZIKV infection and microcephaly and/or CNS 
alterations associated with congenital infection; and (iii) 
to analyse sociodemographic/economic, health, and envi-
ronmental determinants associated with the incidence of 
ZIKV in a region of high infestation by Aedes aegypti in 
the Central-West region of Brazil.

Methods
Study design and setting
An ecological study set in the state of Goiás was con-
ducted from January 2016 to December 2018. Goiás is 
located in the Central-West region of Brazil and is made 
up of 246 municipalities in a 340,242.854  km2 area [31]. 
In 2020, its population was estimated at 7,113.540 mil-
lion, with 4 million people living in the 14 municipalities 
with over 100,000 inhabitants [31]. The capital of Goiás is 
Goiânia. The capital’s metropolitan region encompasses 

population density, the incidence of dengue, Aedes larvae infestation index, and average rainfall. The important deter-
minant of ZIKV infection incidence reduction was the increase in households attended by endemic disease control 
agents.

Conclusions: Our analyses were able to capture, in a more granular way, aspects that make it possible to inform 
public managers of the sentinel areas identified in the post-epidemic hotspots.
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2.6 million inhabitants and 20 municipalities [31]. The 
municipalities of Brazil (the towns) are considered politi-
cal and administrative divisions of the 26 Brazilian states 
and the Federal District [32]. The Federal District is an 
autonomous territory, without municipalities, located 
in Goiás with an independent structure (area: 5760.784 
 km2; population: 3055.149 million inhabitants) [31]. The 
Federal District, although located within Goiás, was not 
included in the analysis of the present study. Figure  1 
shows the location of the study.

Population
The study population comprised cases of confirmed 
ZIKV infection that occurred between 2016 and 2018 
and were reported in the Information System for Noti-
fiable Diseases (SINAN). Cases were confirmed by 
laboratory or clinical-epidemiological criteria, as recom-
mended by the Ministry of Health of Brazil [33]. Cases 
confirmed by laboratory criteria were those that involved 
individuals with clinical suspicion of infection and who 
tested positive in one of the following laboratory tests: 
viral isolation, detection of viral ribonucleic acid, by 
reverse transcriptase polymerase chain reaction, and 
IgM serology for antibodies. In Brazil, after laboratory 
confirmation of the first cases of ZIKV infection in one 
area, the other acute cases of the disease are confirmed 

by clinical-epidemiological criteria, except for cases that 
involve pregnant women, children, patients with neu-
rological manifestations, the elderly, and death, which 
should preferably occur by laboratory criteria. Cases con-
firmed by clinical-epidemiological criteria are those of 
individuals with clinical symptoms, which, in the impos-
sibility of carrying out specific laboratory tests or incon-
clusive results, present an epidemiological link with a 
laboratory-confirmed case, after evaluation of the special 
distribution of confirmed cases [33].

The study also included confirmed cases of microceph-
aly and/or CNS alterations associated with congenital 
infection, reported in the Public Health Events Registry 
(RESP) [34], by municipality, in the same period. In Bra-
zil, since the public health emergency of microcephaly 
and other alterations caused by ZIKV infection, several 
definitions of microcephaly in live births were adopted 
before the current standardised definition [34]. On 17 
November 2015, microcephaly was defined as a condi-
tion where the head circumference (HC) is equal to or 
less than 33  cm for both sexes, when considering term 
children (37 or more weeks of gestation) as a reference 
[35]. The reference measure of HC was reduced to 32 cm 
or less for full-term children of both sexes in December 
2015 [36]. In March 2016, the international standard 
definition of the World Health Organization (WHO) was 

Fig. 1 Study setting (Goiás, Central-West region, Brazil). Note State-level scale
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adopted in Brazil, defining microcephaly as a HC equal 
to or less than 31.5 cm for term girls and equal to or less 
than 31.9 cm for term boys [37]. In August 2016, the new 
WHO definition based on intergrowth parameters was 
adopted, in which cases of microcephaly were consid-
ered as those born alive with HC lower than the cut-off 
point of -2 standard deviations below the mean value of 
the Fenton growth curves established according to sex 
and gestational age [38]. In addition to microcephaly, 
cases of other CNS alterations suggestive of congenital 
infection were included, including cerebral calcifications, 
hydrocephalus, schizencephaly/porencephaly, brainstem 
hypoplasia, ventriculomegaly, and other conditions [34]. 
In the present study, all cases of microcephaly and/or 
CNS alterations suggestive of congenital infection were 
accompanied by a consistent imaging diagnosis indicat-
ing an infectious cause and/or clinical-epidemiological 
or laboratory diagnosis of ZIKV or STORCH (infectious 
agents known to cause congenital infections, including 
syphilis, toxoplasmosis, cytomegalovirus, and herpes 
simplex virus) [34]. However, we found that at the time 
of exporting the database, of the total number of cases 
included in the study (n = 121), 65 (53.7%) were con-
firmed to be associated with the ZIKV [39].

The units of analysis in the study were all municipalities 
of Goiás. All cases of ZIKV infection and microcephaly 
and/or CNS alterations associated with congenital infec-
tion were analysed and georeferenced by the municipality 
of residence [17].

Data sources and variables
The data used in this study were obtained on 28 Febru-
ary 2019. As indicated above, the study used secondary 
data from the SINAN (cases of ZIKV infection) and RESP 
(microcephaly and/or CNS alterations associated with 
congenital infection).

The SINAN includes data on diseases and conditions 
that are on the Ministry of Health’s list of diseases requir-
ing compulsory notification, including suspected or con-
firmed cases of ZIKV infection, that must be updated 
weekly by all health units, public or private, in Brazil 
[40]. The RESP is an online form developed for recording 
public health emergencies, aiming at urgent surveillance 
actions. Since December 2015, the notification of micro-
cephaly and/or alterations in the CNS, manifested in 
utero, birth, or childbirth, using this form, is compulsory, 
on a continuous basis, for all health units in Brazil [41].

Additionally, data on the total resident population of 
each municipality were obtained from estimates of the 
Brazilian Institute of Geography and Statistics [42], and 
the number of live births by year was obtained from the 
Information System on Live Births of the Ministry of 
Health of Brazil [43].

The crude ZIKV infection rate was calculated for each 
municipality by the number of confirmed cases divided 
by the population at risk (total resident population) mul-
tiplied by 100,000 [17]. This indicator was used to obtain 
smoothed rates, which, in turn, was used as a dependent 
variable.

The crude prevalence rate of microcephaly and/or 
CNS alterations associated with congenital infection was 
calculated for each municipality by the number of con-
firmed cases divided by the number of live births multi-
plied by 10,000 [23].

Three sets of indicators were used as independent 
variables to analyse the ecological determinants associ-
ated with the incidence of ZIKV infection: (i) sociode-
mographic/economic (per capita family income, gross 
domestic product per capita, municipal human devel-
opment index, Gini index, and population density); (ii) 
health indicators, defined as synthesis measures that 
contain relevant information on certain attributes and 
dimensions of health status, as well as the performance of 
the health system [44] (dengue fever incidence rate, chi-
kungunya incidence rate, population coverage of commu-
nity health agents, and population coverage of endemic 
disease control agents); and (iii) environmental indicators 
(proportion of the population without access to sewage 
collection and treatment, proportion of the population 
living in households with piped water, proportion of the 
population living near a landfill site, average rainfall, and 
building infestation index for Aedes larvae). Additional 
file  1: Appendix S1 presents the reference year(s), data 
type, definitions, unity, and data sources of the independ-
ent variables.

Statistical analysis and modelling
Data analysis was performed in five steps.

Smoothing rate
This step consisted of smoothing the ZIKV infection rate 
and crude prevalence rate of microcephaly and/or CNS 
alterations associated with congenital infection.

Due to the small number of cases and/or the total resi-
dent population of many municipalities in Goiás, the 
crude ZIKV infection rate was smoothed using a Bayes-
ian model [45]. For smoothing, we used the Empirical 
Bayes method to estimate the spatial empirical Bayes-
ian rate or local empirical Bayesian rate (LEBR) through 
a local empirical Bayesian estimator (LEbayes). Briefly, 
an empirical Bayesian rate or global empirical Bayesian 
rate of a region is the weighted sum of its crude rate and 
the global mean rate. The global empirical Bayesian rate 
can be further improved in the case of small populations 
by including spatial neighbourhood effects in their esti-
mates. For this, the LEBR, whose weighting is made by 



Page 5 of 14Nunes et al. BMC Infect Dis         (2021) 21:1107  

the local mean value, uses the mean of the geographic 
neighbourhood close to the area in which the rate is to be 
estimated, instead of the global mean rate [45–47]. This 
method allowed the smoothing of random fluctuations 
in the crude rate of ZIKV infection in the municipalities. 
Similarly, we also calculated the LEBR of the prevalence 
rate of microcephaly and/or CNS alterations associated 
with congenital infection. Smoothing was carried out 
using TerraView software, version 5.6.1 [48].

Descriptive analysis
A monthly descriptive analysis of the number of cases of 
ZIKV infection and microcephaly and/or CNS alterations 
associated with congenital infection between January 
2016 and December 2018 was performed. A descrip-
tive analysis, using the average of the 246 municipalities, 
of these indicators for each year (2016, 2017, and 2018) 
and for the post-epidemic period (2017–2018) was also 
performed.

Spatial analysis
Initially, to verify the existence of spatial autocorrelation 
of the LEBR of ZIKV infection and cases of microcephaly 
and/or CNS alterations associated with congenital infec-
tion, Moran’s I index was used. The values of Moran’s I 
vary from − 1 (maximum negative association) to + 1 
(maximum positive association), and the Z score and 
p-value were used to analyse the statistical significance of 
Moran’s I [49].

A spatial cluster analysis was then performed to iden-
tify clusters of the LEBR of ZIKV infection and cases of 
microcephaly and/or CNS alterations associated with 
congenital infection, separately. In this analysis, the Hot 
Spot Analysis tool (Getis-Ord Gi*) [50] was used, which 
identifies two types of clusters: hotspots, which are areas 
with high incidence of diseases, and coldspots, which are 
areas of low incidence [51]. Briefly, the Getis-Ord Gi* 
is estimated by comparing the local sum for a feature 
and its neighbours with the sum of all features [52]. The 
Z-score was used to verify significant hotspots/coldspots; 
when the local sum is very different from the expected 
local sum, and that difference is too large to be the result 
of random chance, a statistically significant Z-score is 
obtained [52–54]. According to the Z-scores, the munic-
ipalities were classified as hot or cold areas at a signifi-
cance level of 90% (p-value < 0.10), 95% (p-value < 0.05) or 
99% (p-value < 0.01) [55]. The conceptualisation of spatial 
relationships was based on fixed distances [52]. The year 
2016 (epidemic year) and the period of 2017–2018 (post-
epidemic years) were considered in this analysis.

All spatial analyses related to ZIKV infection used 
LEBR, that is, smoothed rates. Despite the calculation 
of the smoothed prevalence rate of microcephaly and/

or CNS associated with congenital analysis, we used 
the number of microcephaly cases for cluster analysis, 
because even after smoothing, cities with many zeros 
and/or low rates were obtained.

The Moran’s I index and Getis-Ord Gi* geospatial anal-
ysis, were performed using ArcGIS software, version 10.3 
[55].

Non‑spatial correlation
The Spearman correlation coefficient  (rs) was used to 
analyse the correlation between the mean LEBR of ZIKV 
infection (2016–2018) and the sum of the number of 
microcephaly cases of microcephaly and/or CNS altera-
tions associated with congenital infection (2016–2018). 
Statistical significance was set at p-values < 0.05.

Determinants associated with ZIKV infection
The dependent variable in the study was the mean LEBR 
of ZIKV infection between 2016 and 2018, which was 
determined by analysing 246 observations (246 munici-
palities of the Goiás). The independent variables were the 
sociodemographic/economic, health, and environmental 
indicators of the 246 municipalities described in Addi-
tional file 1: Appendix S1.

To analyse the association between the dependent and 
independent variables, we used a sequential generalised 
linear model from the Poisson family [56].

In the bivariate Poisson analysis, the magnitude and 
significance of the associations between each of the inde-
pendent variables and the dependent variable were ini-
tially verified [57]. The results of the bivariate analysis are 
presented as the crude incidence rate ratio, 95% confi-
dence interval, regression coefficient, standard error, and 
p-value.

Variables that presented p-value < 0.20 in the bivari-
ate analysis were considered for inclusion in the model. 
We first used the Spearman correlation matrix and the 
variance inflation factor (VIF) to detect multicollinear-
ity between the independent variables [58, 59]. To avoid 
potential collinearity, we excluded variables with a corre-
lation coefficient equal to or higher than 0.6  (rs > 0.6) or 
VIF ≥ 10.0 [59]. After excluding potentially collinear vari-
ables, three Poisson regression models were constructed 
in a hierarchical structure. In model 1, sociodemo-
graphic/economic variables were included; in model 2, 
the variables of health indicators (+ sociodemographic/
economic variables); and in model 3 (final model) the 
environmental variables (+ sociodemographic/eco-
nomic variables + health variables). The Akaike informa-
tion criterion was used to compare the three regression 
models. The results of the multiple regression analysis 
are presented as adjusted incidence rate ratio, 95% con-
fidence interval, regression coefficient, standard error, 
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and p-value. Wald’s test was used to analyse statisti-
cal significance [60]. Statistical significance was set at 
p-value < 0.05.

Poisson’s analysis was conducted in the STATA statis-
tical program, version 15.0 (StataCorp, College Station, 
TX, USA).

Results
Descriptive analysis
Between January 2016 and December 2018, 18,495 sus-
pected cases of ZIKV infection were reported in the 
state of Goiás. Of these, 9892 (53.5%) were confirmed; 
9005 (91.0%) by clinical-epidemiological criteria and 887 
(9.0%) by laboratory criteria. Of these, 69.9% (n = 6913) 
were women.

Figure 2 shows the absolute monthly number of cases 
of ZIKV infection and microcephaly and/or CNS altera-
tions associated with congenital infection in Goiás 
between January 2016 and December 2018. The number 
of cases for each year were as follows: 2016 (n = 8026), 
2017 (n = 1448), and 2018 (n = 418). The highest absolute 
number of cases of ZIKV infection (n = 7620) occurred 
in the first half of 2016, rising again in the same period of 
the following year, with 1349 cases. There were 121 cases 
of microcephaly and/or CNS alterations associated with 
congenital infection: 81 in 2016, 26 in 2017, and 14 in 
2018. The greatest number of cases occurred in the sec-
ond half of 2016, with 64 records.

The mean crude incidence rate of ZIKV infection 
in the 246 municipalities of Goiás was 16.9, 13.2, and 
3.4 cases/100,000 inhabitants in 2016, 2017, and 2018, 
respectively. In the period of 2017–2018 (post-epidemic 
years), the mean incidence rate was 8.3 cases/100,000 
inhabitants, which was lower than that in 2016. The mean 
LEBR of ZIKV infection in the municipalities was 22.3, 
16.3, and 5.5 cases/100,000 inhabitants, in 2016, 2017, 

and 2018, respectively. In 2017–2018, the mean LEBR 
was 10.3 cases/100,000 inhabitants, which was also lower 
than that in 2016.

The mean crude prevalence rates of microcephaly and/
or CNS alterations associated with congenital infection 
were 5, 3, and 1 cases/10,000 live births, respectively. The 
crude mean was 2 in the 2017–2018 period, which was 
lower than that in 2016 (epidemic year). The mean LEBR 
prevalence rates of microcephaly and/or CNS altera-
tions associated with congenital infection were 7, 3, and 
1 cases/10,000 live births, respectively. In 2017–2018, 
the mean LEBR was 2 cases/10,000 live births, which was 
lower than that in 2016.

Spatial analysis
Moran’s I global indexes for the LEBR of ZIKV 
infection were 0.068 (p-value = 0.002) and − 0.007 
(p-value = 0.908) in 2016 and 2017–2018, respectively. 
These results suggest the presence of spatial autocorrela-
tion of the LEBR of ZIKV infection in 2016, but not dur-
ing 2017–2018.

Additional file  2: Figure S1 presents the results of the 
descriptive analysis of the LEBR of ZIKV infection in 
Goiás. Figure 3 presents the results of the spatial cluster 
analyses (Getis-Ord Gi*) for the LEBR of ZIKV infection 
in 2016 and 2017–2018.

In 2016, we identified a cluster with a high incidence 
of ZIKV infection, with a significance greater than or 
equal to 90%. The cluster included 34 municipalities in 
the metropolitan region of the capital and surrounding 
municipalities (population of 2.9 million). Of these, 32 
municipalities formed a cluster with 99% significance. 
We identified a hotspot with a 90% significance level, 
composed of a single municipality (with a population of 
3,100 inhabitants), isolated from the initial cluster and 
located in the southwest region of the state. No coldspots 
were identified (Fig.  3A). For the period of 2017–2018, 
we identified two other clusters with a high incidence 
of ZIKV infection, with significance equal to or higher 
than 90%, located in the north (10 municipalities with 
108,000 inhabitants) and southwest (two municipalities 
with 22,000 inhabitants). No coldspots were identified 
(Fig. 3B).

Cases of microcephaly and/or CNS alterations associ-
ated with congenital infection were distributed in 28, 14, 
and 9 municipalities in 2016, 2017, and 2018, respectively. 
The Moran’s I global indexes were 0.072 (p-value < 0.001) 
and 0.135 (p-value < 0.001) in 2016 and 2017–2018, 
respectively, suggesting the presence of spatial autocor-
relation in both periods of analysis.

Additional file  3: Figure S2 presents the descrip-
tive analysis of the rate of prevalence of microcephaly 
and/or CNS alterations associated with congenital 

Fig. 2 Monthly distribution of ZIKV infection and microcephaly and/
or CNS alterations associated with congenital infection cases in Goiás, 
Central-West region of Brazil, 2016–2018. Note State-level scale
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infection in Goiás, and Additional file 4: Figure S3 pre-
sents the municipalities with confirmed cases.

Figure  4 presents the spatial cluster analysis (Getis-
Ord Gi*) of the 121 cases of microcephaly in Goiás 
in 2016 and 2017–2018. For 2016, a cluster with 99% 
significance was identified, encompassing 33 munici-
palities in the capital’s metropolitan region and sur-
rounding municipalities (population of 2.9 million 
inhabitants) (Fig.  4A). For 2017–2018, we identified 
a second spatial cluster with a significance of 95% or 
more, encompassing eight municipalities with approxi-
mately 627,000 inhabitants, located around the Federal 
District. No coldspots were identified (Fig. 4B).

Non‑spatial correlation analysis
Spearman’s correlation analysis showed a moderate 
positive correlation between the LEBR of ZIKV infec-
tion and the sum of the number of microcephaly cases 
between 2016–2018  (rs = 0.373; 95% CI 0.261–0.475; 
p < 0.001), indicating that in Goiás, the increase in the 
ZIKV infection incidence rate was associated with an 
increase in microcephaly cases.

Determinants associated with ZIKV infection
Bivariate analysis
The bivariate analysis showed a statistically signifi-
cant association between the mean incidence rate 
of ZIKV infection and all independent variables 
(p-value < 0.05), except for the chikungunya incidence 
rate (p-value = 0.142) (Additional file 5: Table S1).

Multivariable analysis
Before formulating the models, tests for collinearity were 
performed. The Spearman’s correlation matrix showed a 
high correlation between per capita family income and 
municipal human development index  (rs = 0.787), indi-
cating potential collinearity. The average VIF was 1.89, 
ranging from 1.03 for population coverage of endemic 
disease control to 5.68 for the per capita family income. 
We chose to remove per capita family, instead of the 
municipal human development index, since the latter 
also reflects the dimension of family income.

Model 1 included the sociodemographic/economic 
variables; Model 2 included, in addition to these variables 
and the health variables and, Model 3 (the final model) 
included the sociodemographic/economic variables, 

Fig. 3 Spatial clusters (Getis-Ord Gi*) of the LEBR of ZIKV infection in Goiás, Central Brazil, 2016 and 2017–2018. Note State-level scale
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health variables, and the environmental variables. Model 
3 showed the highest fit, lowest AIC value (6899.3), and 
highest  R2 (0.315), compared with models 1 and 2. This 
model showed a positive association between the mean 
incidence rate of ZIKV infection and population den-
sity, incidence rate of dengue fever, average rainfall, and 
building infestation index for Aedes larvae, and a negative 
association with population coverage of endemic disease 
control agents (Table 1).

Discussion
Our results showed that the first outbreak of ZIKV infec-
tion, followed by an increase in the cases of microceph-
aly and/or CNS alterations associated with congenital 
infection occurred in 2016 in Goiás, in the Central-West 
region of Brazil. In this year of introduction of the ZIKV 
in the interior of the country, there was a clear presence 
of clusters of both diseases in the capital and the neigh-
bouring municipalities, which presented the highest 
population density in the state. In the following years 
(2017–2018), there was an approximate four-fold reduc-
tion in the incidence of ZIKV infection, along with 
the expansion of risk areas with the identification of 
new clusters located farther from the initial hotspot. In 

multiple regression analysis, ZIKV infection was posi-
tively associated with higher population density in the 
municipality, incidence of dengue fever, Aedes larvae 
infestation index, and average rainfall. The important 
determinant of ZIKV infection incidence rate reduction 
was the increase in population coverage of endemic dis-
ease control agents.

In our study, the peak of ZIKV infection in Goiás was 
detected in the first half of 2016, less than a year after the 
first wave of infection in the Northeast region of Brazil 
[23]. Therefore, there was a rapid spread of ZIKV infec-
tion due to population mobility [26], high infestation of 
Aedes aegypti, and regional climate characteristics [61–
63], or by the presence of a population totally or partially 
susceptible to ZIKV infection [1]. The combination of 
high temperatures and high rainfall rates that favour the 
proliferation of vectors is a factor associated with ZIKV 
infection in Colombia [64]. The peak of microcephaly 
cases in Goiás occurred approximately 6  months after 
the outbreak of ZIKV infection. This epidemiological pat-
tern, also described for other regions of Brazil [23, 65], is 
compatible with the biological plausibility of the adverse 
outcomes of ZIKV infection in pregnancy [7, 29]. Before 
2015, the estimated prevalence of microcephaly was 2 per 

[A] 2016 [B] 2017-2018

0 440220 Km

Legend
Cold Spot - 99% Confidence

Cold Spot - 95% Confidence
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Federal District Federal District
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(State Capital)
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Fig. 4 Getis-Ord Gi* spatial clusters of microcephaly cases in Goiás, Central-West region of Brazil, 2016 and 2017–2018. Note State-level scale
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10,000 live births, which was stable in the years 2000–
2014 in Brazil [23, 66]. In 2016, the maximum preva-
lence of microcephaly was 56.7 per 10,000 live births in 
the Northeast region, with intermediate risks (14.4 per 
10,000 live births) estimated for the Central-West region 
[23], along with an evident disparity in the magnitude of 
microcephaly outbreaks between municipalities [26].

In our study, the persistence of ZIKV infection clusters/
hotspots in and around the metropolitan region during 
the outbreak and in subsequent years can be explained, 
at least partially, by the high population density of the 
region. This correlation between high population den-
sity and an increase in ZIKV infection incidence rate is 
in agreement with the spatial analysis of data obtained 
from different states of the Northeast region [21] and 
at the national level [23, 26]. One study that examined 
countries in the Americas added to the evidence suggest-
ing that population density and the level of infestation are 
risk factors for transmission of ZIKV infection between 
countries [67]. In the present study, spatial analysis also 
identified new clusters of ZIKV infection in the post-out-
break years. These new clusters encompassed municipali-
ties that had lower population density and were distant 
from the initial epicentre, were located in the north and 
southwest regions of the state, and were centres of agri-
cultural activity and ecotourism (North – Serra da Mesa; 
West – Parque Nacional das Emas). These findings sug-
gest that there was a rapid dispersion of ZIKV, with an 
expansion of the ZIKV transmission risk area in the years 
2017–2018, and that even municipalities with lower pop-
ulation densities were affected.

The 2016 epidemic hotspots for both ZIKV infection 
and microcephaly and/or CNS alterations associated 
with congenital infection were detected in the state capi-
tal and surrounding municipalities. The post-epidemic 
(2017–2018) spatial analysis detected a new cluster of 
cases, approximately 200 km from the capital, in munici-
palities surrounding the Federal District. It is interest-
ing to note that this new cluster did not overlap with the 
hotspots identified for ZIKV infections during the same 
period. This apparent discrepancy may, in our opin-
ion, be explained by the low clinical impact of the ZIKV 
cases and/or by the potential possibility of the cases uti-
lising health services in the federal capital, and the pos-
sible overlap of surveillance data between the bordering 
regions. It is noteworthy that the detection of this micro-
cephaly cluster and/or alterations in the CNS associated 
with congenital infection may have occurred as a result 
of the small number of cases in the region. Further field 
investigations are required to verify the presence of a true 
cluster in the metropolitan region. The hotspot for micro-
cephaly and/or CNS alterations associated with congeni-
tal infection cases identified in this study (2017–2018) 

were not detected in the national-level kernel analysis 
that also used the RESP database [23]. Consistent with 
our study findings, a spatial–temporal analysis of the 
microcephaly outbreak in Pernambuco state (2015), in 
the Northeast region of Brazil, also showed a high con-
centration of cases in the metropolitan area of the capi-
tal, followed by the expansion of microcephaly cases to 
municipalities with smaller populations, far from the 
initial epicentre [68]. The present spatial analysis contrib-
utes to existing research by identifying other areas of risk 
for the occurrence of microcephaly, in addition to the 
metropolitan areas of the capital and its surroundings. 
These hotspots, along with the capital and surrounding 
areas, should be considered as monitoring sentinels for 
cases of ZIKV infection and microcephaly and/or CNS 
alterations associated with congenital infection.

In line with the results of the spatial analysis, the mul-
tivariable analysis showed that higher ZIKV infection 
incidence rates were associated with municipalities with 
a higher population density. Our study showed that for 
every 10% increase in the coverage of municipalities by 
endemic disease control agents, there was a reduction of 
approximately 26% in the incidence of ZIKV infection, 
regardless of other explanatory factors included in the 
model. In Brazil, the endemic disease control agents are 
professionals who are part of the health surveillance team 
and carry out vector surveillance activities, such as sur-
veys of homes, vacant lots, warehouses, and commercial 
establishments. Gutters, roofs, and water tanks are also 
inspected. These professionals are closely linked to vector 
control and the health education of the population. They 
contribute substantially to the elimination of vectors and, 
similarly, to the control of arboviruses, including Zika 
[69]; therefore, they play a fundamental role in the reduc-
tion of the magnitude of ZIKV infection.

Other predictive factors of an increased ZIKV infec-
tion rate were average rainfall and the building infes-
tation index for Aedes larvae, which represents the 
percentage of housing properties showing the presence 
of Aedes aegypti larvae. This vector index reflects the 
presence of urban breeding sites, resulting from the dis-
orderly growth of cities without adequate infrastructure 
for water supply, sanitation, and waste management ser-
vices [27, 70, 71]. The incidence of dengue as a predictor 
of ZIKV infection is a proxy for the local transmission of 
arboviruses, also identified at the national level [29, 72]. 
The same was not observed for the incidence of Chikun-
gunya, which can be explained by the low circulation 
of this virus in the studied region [17]; there is a higher 
concentration of cases in states in the Northeast region 
of the country. This finding can also be explained by the 
recentness of the introduction of the chikungunya virus 
in the Central-West region of Brazil in 2015, compared 
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with the dengue virus that has been circulating in the 
region for at least 2 decades.

In the multiple model regression analysis carried out 
in the present study, sociodemographic/economic con-
ditions at the municipality level were not found to be 
predictors of ZIKV infection. This finding contradicted 
that of a study set in the capital of Pernambuco that used 
the stratification of socioeconomic conditions by neigh-
bourhoods [30]. The modelling used in that study, which 
included single-entry predictors in the final model, might 
have contributed to this finding. Additionally, the spatial 
analysis unit of the present study, which encompassed 
different social strata, might have made these indicators 
less discriminatory between municipalities. Other stud-
ies that analysed the Northeast and Southeast regions of 
Brazil found associations between the incidence of ZIKV 
and factors such as population density, human develop-
ment index, primary care coverage, violence rate, aver-
age household income, and race, thereby reinforcing the 
association of the social determinants of health with the 
dispersion of ZIKV and the worsening of congenital cases 
[28, 67, 73].

The use of secondary data from passive reporting is 
an inherent limitation of this type of study, considering 
that epidemiological surveillance records probable cases 
of acute ZIKV disease via access to health services. Thus, 
the ability to detect cases may vary among municipali-
ties, depending on the health network structure and sur-
veillance. These epidemiological surveillance data may 
be underestimated, considering that ZIKV infection is 
mostly asymptomatic and clinical manifestations are gen-
erally mild, with rare neurological complications [1, 8]. 
In Brazil, access to health services is universal and free 
through the Unified Health System, and SINAN surveil-
lance is compulsory nationwide [74]. In the present study, 
we analysed the spatial and temporal distribution of acute 
ZIKV diseases confirmed by laboratory and/or clinical-
epidemiological criteria. We excluded inconclusive cases, 
thus minimising the risk of classification errors. Even so, 
there is still the possibility of diagnostic error due to the 
clinical similarity of ZIKV with other exanthematic arbo-
viruses (such as the dengue, chikungunya, and Mayaro 
viruses) that circulate in the region [22, 75, 76]. The com-
pulsory notification of ZIKV infection and microcephaly 
associated with the infection (RESP) in Brazil, although 
recent (February 2016), has been shown to be consistent 
in discriminating between outbreaks and inter-regional 
differences [23, 29, 74]. The criteria for defining the cases 
of microcephaly associated with congenital CZS in the 
RESP require, in addition to specialised clinical evalua-
tion, laboratory tests and/or imaging, which makes it dif-
ficult to confirm the aetiology of the cases. However, the 
significant increase in microcephaly cases after the ZIKV 

epidemic reinforces the association between these two 
diseases and the consistency of the analysed data.

It is important to note that probable cases of ZIKV 
infection continue to be reported in 2019 and 2020 owing 
to the persistence of viral circulation in Brazilian regions 
[17]. This, in addition to the existence of a naive popu-
lation, vector abundance, and favourable climatic condi-
tions, alerts to the threat of new outbreaks of ZIKV and 
microcephaly and/or CNS alterations associated with 
congenital infection in the region studied.

Conclusions
The results highlighted the importance of the role 
of endemic disease control agents and the need for 
improvement in vector control activities, consider-
ing that there is no vaccine or specific treatment for the 
acute disease and its neurological repercussions. In addi-
tion, factors such as population density, dengue fever 
incidence rate, average rainfall, and building infestation 
index for Aedes larvae should be monitored because of 
their association with an increase in the occurrence of 
ZIKV infection. Our spatial analysis and statistical model 
were able to capture, in a more granular way, aspects that 
make it possible to inform public managers of the senti-
nel areas identified in the post-epidemic hotspots, with 
the expansion of risk areas and the emergence of new 
clusters located far from the hotspot initially found dur-
ing the epidemic period.
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