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Abstract

Background

Although the Zika virus (ZIKV) epidemic ceased to be a public health emergency by the end

of 2016, studies to improve knowledge about this emerging disease are still needed, espe-

cially those investigating a causal relationship between ZIKV in pregnant women and micro-

cephaly in neonates. However, there are still many challenges in describing the relationship

between ZIKV and microcephaly. The few studies focusing on the epidemiological profile of

ZIKV and its changes over time are largely limited to systematic reviews of case reports and

dispersal mapping of ZIKV spread over time without quantitative methods to analyze pat-

terns and their covariates. Since Brazil has been at the epicenter of the ZIKV epidemic, this

study examines the geospatial association between ZIKV and microcephaly in Brazil.

Methods

Our study is categorized as a retrospective, ecological study based on secondary data-

bases. Data were obtained from January to December 2016, from the following data

sources: Brazilian System for Epidemiological Surveillance, Disease Notification System,

System for Specialized Management Support, and Brazilian Institute of Geography and Sta-

tistics. Data were aggregated by municipality. Incidence rates were estimated per 100,000

inhabitants. Analyses consisted of mapping the aggregated incidence rates of ZIKV and

microcephaly, followed by a Getis-Ord-Gi spatial cluster analysis and a Bivariate Local Mor-

an’s I analysis.
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Results

The incidence of ZIKV cases is changing the virus’s spatial pattern, shifting from Brazil’s

Northeast region to the Midwest and North regions. The number of municipalities in clusters

of microcephaly incidence is also shifting from the Northeast region to the Midwest and

North, after a time lag is considered. Our findings suggest an increase in microcephaly inci-

dence in the Midwest and North regions, associated with high levels of ZIKV infection

months before.

Conclusion

The greatest burden of microcephaly shifted from the Northeast to other Brazilian regions at

the beginning of 2016. Brazil’s Midwest region experienced an increase in microcephaly

incidence associated with ZIKV incidence. This finding highlights an association between

an increase in ZIKV infection with a rise in microcephaly cases after approximately three

months.

Author summary

The increasing evidence of a relationship between ZIKV in pregnant women and fetal

congenital ZIKV syndrome with microcephaly has been reported in the literature over the

last two years. Our findings suggest a spatial dependency between the diseases. Therefore,

using the spatial pattern of ZIKV incidence to better understand risk areas for microceph-

aly may help the design of surveillance policies. Brazil had a large epidemic of ZIKV,

leading to several important studies of the ZIKV outbreak and its association with micro-

cephaly. This study used a geospatial analysis approach to examine the association

between ZIKV and microcephaly in Brazilian regions. It was possible to highlight a spatial

association between ZIKV and microcephaly considering a time lag between diseases. Bra-

zilian regions with the highest incidences of microcephaly were the regions where the

highest incidence of ZIKV occurred months before. This finding can help the organiza-

tion and planning of health services to offer better screening actions dedicated to pregnant

women in high-risk areas.

Introduction

On February 1, 2016, the World Health Organization (WHO) declared that the Zika virus

(ZIKV) epidemic was an international public health emergency [1]. The increasing evidence of

a causal relationship between ZIKV in pregnant women and an unpredicted rise in the inci-

dence of microcephaly, later characterized as fetal congenital ZIKV syndrome [2–4], prompted

this designation. Findings suggest that ZIKV affects neurogenesis during human brain devel-

opment, leading to neurological syndromes as observed in Guillain-Barré or microcephaly [4].

As of the latest ZIKV status report in March 2017, 48 of 50 countries and territories in the

Americas have confirmed autochthonous cases of ZIKV [5]. Half of these countries and terri-

tories (24) have confirmed cases of congenital ZIKV syndrome [5].

Brazil remains at the epicenter of the ZIKV epidemic with reports of 130,000 cases in 2016

[6]. In October 2015, early warning signs of a link between ZIKV in pregnant women and

microcephaly in neonates surfaced when the number of infants born with microcephaly in the
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Northeastern state of Pernambuco rose [7]. From 2015 to 2016, 2,229 cases of microcephaly

in infants were confirmed [8], over a 10-fold increase from the yearly average of 157 cases

between 2000 and 2014 [9]. Consequently, a body of literature has emerged supporting a causal

association between ZIKV infection during pregnancy and infant microcephaly [2,10–12].

Existing literature focused on the Brazilian ZIKV epidemic consists heavily of clinical manage-

ment guidelines and longitudinal and case-control studies of mothers diagnosed with ZIKV

and their infants to assess risks of congenital ZIKV syndrome [13,14].

Despite the ongoing research, challenges related to preventing ZIKV and its consequences,

such as microcephaly, are still staggering. First, the committed countries have a limited epide-

miological surveillance capacity. Second, the time delay between the onset of the ZIKV epi-

demic and the microcephaly reports means public policy is still defining the epidemic and not

yet able to prevent its consequences. The rise in microcephaly incidence was documented only

after infants were born, mostly due to limited ZIKV testing during intrapartum infection, lead-

ing to delays in timely epidemiologic and geographic surveillance of both diseases.

Using mapping techniques to study vector-borne disease epidemiology has proven crucial,

as seen with previous research on dengue virus [15] and chikungunya [16]. These health geog-

raphy studies can identify disease propagation patterns and high-risk areas, then model fore-

casts allowing inferences for the determinants of these outcomes [17]. To date, however, few

studies have utilized geospatial techniques to investigate the ZIKV epidemic in Brazil, and the

spatial-temporal association between ZIKV and microcephaly remains uninvestigated. The

only available works [18,19] rely on systematic reviews of case reports or dispersal mapping of

ZIKV spread over time without quantitative methods to analyze patterns and their covariates.

By using a framework of health geography, we believe we can provide insights into disease

spread patterns, high-risk areas, and forecast disease models that allow for inferences regard-

ing the determinants of these outcomes [17].

This study examines the geospatial association between ZIKV and microcephaly January—

December 2016. Specifically, we aim to 1) spatially represent diffusion patterns for both ZIKV

and microcephaly incidence; 2) identify hot and cold spots of high and low incidence clusters

for both diseases and any changes in their distribution across time; and 3) measure the spatial-

temporal association between ZIKV and microcephaly spread. We hypothesize that areas with

higher ZIKV incidence will be positively associated with an increase in microcephaly incidence

after a time lapse of at least 16 weeks [9].

Methods

Study design, setting, and participants

This ecological, retrospective study utilizes secondary data analysis of national health data sys-

tems during the ZIKV epidemic from January to December 2016 in Brazil. The largest country

in Latin America in both size and population, Brazil spans approximately 3.2 million square

miles with an estimated 190.7 million inhabitants [20]. An upper middle—income country

and member of BRIC, Brazil ranks ninth among global economies [21] and has a high human

development index level of 0.754 [22].

Brazil achieved universal health care coverage in the 1990s with the implementation of and

reforms to the Unified Health System (SUS) [23]. Driven by national policies favoring decen-

tralization and community-based models of health services delivery, the structure of the SUS is

conducive to ecological studies of health outcomes [24]. The SUS maintains over 15 national-

level health informatics and epidemiological databases to guide population health surveillance

[24]. Data of infrastructure to outcome indicators are available, comprising information at

individuals, municipalities or states levels. [6]. Marked inequality among Brazil’s regions,

ZIKV and microcephaly geospatial associations
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namely lower development levels and widespread poverty in the Northeast, results in dispari-

ties in health services coverage and population health indicators [25], which are significant

when addressing diseases with natural and built environmental determinants (Fig 1). The

availability of publicly accessible government databases at the national level, coupled with the

socio-geographic landscape of the country and manifestations of the ZIKV epidemic, make

Brazil an optimal setting in which to investigate the spatial-temporal association between

ZIKV infection and microcephaly spread.

Data sources

Data on confirmed cases of ZIKV were obtained from the Disease Notification System [26].

ZIKV infection was included in the Brazilian Ministry of Health compulsory notification

Fig 1. Brazilian states and regions.

https://doi.org/10.1371/journal.pntd.0006392.g001
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disease list on February 17, 2016. From this date on, every health system unit in Brazil was obli-

gated to report any confirmed or suspected case of ZIKV to the Ministry of Health [27]. ZIKV-

notification is performed on a weekly basis, and deaths related to ZIKV must be reported

within a maximum of 24 hours of death. Notification information is uploaded to the SINAN

NET system (acronym in Portuguese—Disease Notification Information System) [28]. During

our study, we included only confirmed cases of ZIKV. A suspected case was considered con-

firmed if one of the following characteristics was observed: positive of viral isolation test result,

RNA viral detection by reaction of reverse transcriptase, or IgM serology. After confirmation

of autochthonous circulation, the cases of Zika should be confirmed by clinical-epidemiologi-

cal criteria. Despite that, suspected cases in pregnant women, neurological manifestations, and

death still need to be confirmed using a serology test [27].

Data on confirmed cases of microcephaly were retrieved online from the System for Spe-

cialized Management Support [8]. Microcephaly was defined as an infant with 37 or more

weeks of gestation with a head circumference equal to or less than 31.9 cm for male infants, or

equal to or less than 31.5 cm for female infants, in concurrence with WHO standards [1]. For

babies less than 37 weeks gestation at birth, the InterGrowth curve was used since the cephalic

perimeter varies according to an infant’s gestational age [1]. Monthly case reports of micro-

cephaly must be sent to the RESP-Microcephaly system (acronym in Portuguese—Register of

Events in Public Health for Microcephaly). Additionally, population data were obtained from

the Brazilian Institute of Geography and Statistics (Instituto Brasileiro de Geografia e Estatı́s-

tica) [20]. Data from these three sources were merged for all 5570 Brazilian municipalities. All

secondary data extracted correspond to 2016.

Data analysis

Raw values of confirmed cases of ZIKV and microcephaly were used to compute incidence

rates. Incidence rates were expressed continuously per 1,000 inhabitants for ZIKV and 100,000

for microcephaly, at the municipal level. We opted to use different scales because the preva-

lence of ZIKV and microcephaly in the general population occur on different scales. Ideally,

we would have used better exposure controls such as pregnant women and newborns, such as

the results reported by De Oliveira et al [29]. Thus, we decided to present the results in indices

by population, which would give us a robust metric.

Data analyses were carried out in three steps. First, we conducted a descriptive analysis

for the aggregated incidence rates of ZIKV and microcephaly for six 2-month time periods

between January and December 2016 at the regional level. As such, the first bi-monthly period

comprised January and February, the second period March and April, and so on. Next, we

conducted a Getis-Ord-Gi [30] spatial cluster analysis to identify the presence of clustering

according to incidence rates of both diseases throughout 2016. The Getis-Ord-Gi analysis pro-

duced two types of spatial clusters: hotspots with high values of incidence of both diseases, and

coldspots highlighting low incidence areas. Lastly, a Bivariate Local Moran’s I analysis was car-

ried out to evaluate the temporal-spatial association between ZIKV and microcephaly inci-

dence rates over time [31].

The Bivariate Local Moran’s I is a statistic that evaluates the spatial correlation between two

variables [31]. It verifies whether the value of the first variable in a reference municipality is

related to the average value of the second variable in neighboring municipalities. Therefore, if

the two variables are measured in different time periods, and a long enough time lapse is taken

into account, this technique can provide insights regarding whether previous incidence of

ZIKV infection in any reference municipality is associated with microcephaly cases in the

neighboring region. This analytical strategy relies on the assumption that ZIKV has a causal

ZIKV and microcephaly geospatial associations
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role in microcephaly when pregnant women are infected [4,13]. Although there is not a con-

sensus of the exact time in pregnancy that a ZIKV infection will cause microcephaly, there is a

high volume of evidence supporting the association [14,32]. Thus, a time lag between ZIKV

infection and microcephaly incidence can be approximated to the gestational period (in our

case, 3 to 4 bi-monthly time periods) [9]. Therefore, considering the importance of a time lag

between ZIKV and the emergence of microcephaly cases we opted to test multiple scenarios.

For each scenario, a minimum difference of one bi-monthly period was considered. Incidence

of ZIKV infection during the first and second bi-monthly periods were compared to micro-

cephaly incidence rates of the third to sixth bi-monthly periods. This time arrangement was

applied to all 2016 bi-monthly periods for both diseases, for all possible combinations that

respect a minimum time lag of two bi-monthly periods. We chose this time lag period consid-

ering previous findings by the Centers for Disease Control [9].

The categorization provided by Bivariate Local Moran’s I technique can identify clusters

based on ZIKV incidence considering, simultaneously, the microcephaly levels months later.

In this scenario, a High-High cluster, for example, would represent a group of municipalities

with elevated rates of microcephaly surrounded by municipalities with high values of ZIKV

incidence a given number of months beforehand.

Incidence rate mapping and the Getis-Ord-Gi cluster analysis were performed in ARCGIS

10.3 [33]. The Bivariate Local Moran’s I analysis was conducted using the software GEODA

[34].

Results

From January—December 2016, Brazilian incidence rates of ZIKV per 100,000 inhabitants

varied from 13.01 to 0.21. During the year, ZIKV incidence substantially decreased in all

regions. Though this reduction was observed in all regions, it was more pronounced in the

Midwest and Northeast regions. A high number of Midwest region municipalities showed

incidence rates above 20 cases per 100,000 inhabitants during the first and second bi-monthly

periods. At these time points, the Midwest contained the greatest number of confirmed ZIKV

cases, with mean incidence rates of 82.06 for the first bi-monthly period and an annual average

of 21.36 cases per 100,000 inhabitants. ZIKV incidence decreased in the following bi-monthly

periods of the year. During the third bi-monthly period, the greatest mean ZIKV incidence

rate was seen in the Northeast (7.56), which also had the greatest mean (2.81) for the fourth bi-

monthly period. The fifth and sixth bi-monthly periods were marked by a continued reduction

of high- and medium-incidence municipality clusters. By the fifth and sixth bi-monthly peri-

ods, mean ZIKV incidence rates had declined, with the highest for the fifth bi-monthly period

in the Northeast (0.61) and the highest for the sixth bi-monthly period in Midwest (0.42).

For both the first and second bi-monthly periods, the Northeast had its highest mean

microcephaly incidence rates of 0.66 and 0.71, respectively. During the third and fourth bi-

monthly periods, the density of microcephaly incidence clusters in the Northeast diminished.

During the fifth and sixth bi-monthly periods, the Northeast had the highest mean microceph-

aly incidence rates of 0.20 and 0.18, respectively, remaining the region most affected across the

observed period (Fig 2).

The geospatial distribution becomes more diffuse over time, with scattered groups of

municipalities with high incidence in the Midwest, North, Northeast, and Southeast regions.

Patterns of microcephaly geospatial distribution, distinct from that of ZIKV infection, tended

to be concentrated in the Northeast during the first, second, and third bi-monthly periods

(Figs 3 and 4). The results of the cluster analysis (Getis-Ord-Gi) highlighted ZIKV hotspots

in the Midwest, Northeast, and Southeast regions during the first two bi-monthly periods;

ZIKV and microcephaly geospatial associations
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hotspots then shifted to the Northeast for the third and fourth bi-monthly periods. The fifth

and sixth bi-monthly periods are marked by persisting hotspots in the Northeast, in addition

to appearance of hotspots in the North, and the reemergence of those in the Midwest. In con-

trast to the varied locations of ZIKV incidence hotspots, those for microcephaly incidence

varied less between the regions across all bi-monthly periods. From the third until sixth bi-

monthly period, hotspots also appeared in the Midwest and North. The South and Southeast

regions also both consistently remained coldspots of confirmed microcephaly across all bi-

monthly periods (Figs 3 and 4).

Bivariate Local Moran’s I analysis was performed, focusing on evidence of a possible spatial

relation between the spread pattern of ZIKV and microcephaly (Fig 5). Considering the multi-

ple time lag intervals adopted in the analysis, it was possible to identify an increasing wave in

High ZIKV cluster areas becoming microcephaly High cluster areas across time. We are more

interested in the High-Low/Low-High clusters in this representation. High-Low clusters (light

red) represent areas with a high incidence of ZIKV surrounded by areas with low incidence of

microcephaly, while Low-High areas are the inverse. From the results depicted in Fig 5, we

noticed High-Low clusters mostly in the Midwest region. These clusters highlight regions with

high incidence of ZIKV and low values of microcephaly, considering the different time lags

observed. Analyzing the simultaneous presence of High-High clusters in the Midwest region,

the High-Low clusters (light red) have the potential to become High-High clusters.

This finding highlights a relationship between an increase in ZIKV infection with a

growth in microcephaly cases after two bi-monthly periods. Early in 2016, the ZIKV epi-

demic was already decreasing in the Northeast region, but was followed up with an increase

in microcephaly (Low-High clusters). However, as we entered the 2016 epidemic year, the

High clusters of ZIKV transitioned to the Midwest and North regions. The maps showing

the association between the first bi-monthly period of ZIKV and the fifth and sixth bi-

monthly periods of microcephaly demonstrate an increase of Low-High clusters in the

Fig 2. Bi-monthly Zika incidence and microcephaly incidence, by region in 2016, Brazil.

https://doi.org/10.1371/journal.pntd.0006392.g002
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Midwest and North regions, indicating that the microcephaly epidemic followed the distri-

bution of the ZIKV infection. Additional analysis considering other bi-monthly periods as a

starting point highlighted a similar growth pattern since a time lag of at least two months

was observed (Fig 5).

Discussion

From 2015–2016, Brazil experienced an unprecedented epidemic of microcephaly that carried

devastating social and economic costs. A better understanding of the association between

ZIKV and microcephaly was necessary to prevent a pandemic. Despite the importance and rel-

evance of health geography, there is a lack of literature employing geospatial methods to ana-

lyze ZIKV and microcephaly. This study is the first to conduct a spatial-temporal evaluation of

the association between ZIKV and microcephaly. Through this new approach, it was possible

to identify evidence of an increase in microcephaly incidence associated with ZIKV incidence

in the Midwest region of Brazil.

A potential link between ZIKV and microcephaly was first examined following reports of

an abnormal rise in microcephaly incidence in Brazil’s Northeast region. This unexplained rise

in microcephaly rates led public health authorities to begin epidemiological investigations. It

Fig 3. Spatial clusters—Getis Ord-Gi of Zika incidence by bi-monthly period, considering the 5570 Brazilian municipalities.

https://doi.org/10.1371/journal.pntd.0006392.g003
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was not until mid-2015 that suspicions regarding a link to ZIKV surfaced. This late identifica-

tion of a possible cause carried implications for epidemiological surveillance. For most of

2015, there was no attention given to the causal link between ZIKV and microcephaly and, as a

result, no reliable registry of ZIKV incidence rates was maintained. ZIKV was only designated

as a disease of compulsory notification on February 17, 2016 [27]. Scientific evidence in sup-

port of the causal link later emerged in the beginning of 2016 [2,35,36]. In this context, it was

not possible to analyze the spatial relationship between ZIKV and microcephaly in the early

stages of the outbreak in the Northeast region. There were no data about ZIKV incidence

before the 2016 microcephaly epidemic. After ZIKV was classified as a compulsory notification

disease, more resources were invested toward more thorough and reliable reporting. Thus,

data for all of 2016 is available at the municipal level. These improvements in disease surveil-

lance facilitated research on the association between ZIKV and microcephaly spread patterns

to identify those areas that are disproportionately affected and remain at an elevated risk. Our

study contributes to these efforts and found a significant spatial pattern of association between

both diseases.

The spread of ZIKV showed higher rates of infections in the Midwest in early 2016 that

diminished by the end of the year. Confirmed ZIKV patterns in the Northeast and Southeast

Fig 4. Spatial clusters—Getis Ord-Gi of microcephaly incidence by bi-monthly period, considering the 5570 Brazilian municipalities.

https://doi.org/10.1371/journal.pntd.0006392.g004
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Fig 5. Spatial relation between the spread patterns of ZIKV and microcephaly, Bivariate Local Moran’s I analysis.

https://doi.org/10.1371/journal.pntd.0006392.g005
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are consistent with a previous study of the spatial distribution of dengue fever in Brazil from

2014, one year before the Zika outbreak [37]. The Southeast, North, and Midwest regions

experienced an increase in microcephaly incidence across 2016. This trend is explained by the

high incidence of ZIKV previously in those regions. Our findings reveal that ZIKV incidence

is positively associated with an increase in microcephaly incidence in the same location. Spread

patterns of ZIKV and microcephaly cases in Brazil in 2016 suggest that a high number of cases

of ZIKV in the Midwest are associated with a high number of cases of microcephaly in the

region after a certain time lag. Measuring this association assists in probabilistic forecasting;

monitoring the incidence of ZIKV may help predict where there will be increased incidence of

microcephaly.

Our data support that the greatest burden of microcephaly could shift from the Northeast

to other regions that reported a high volume of ZIKV during the beginning of 2016. A similar

finding was reported by De Oliveira et al [29]. Our findings are of importance to health care

providers and managers in these regions who should anticipate a greater need for prenatal

care and adjust protocols in light of new systematic public health data about both diseases. The

establishment of a regular monitoring system informed by the methodologies defined in the

present study is needed to further confirm if observed relationships are maintained over time.

Best practices for pregnancy management during the ZIKV epidemic detail clinical mani-

festations of infection, endorse serological testing [38] depending on symptom presentation

and timing of acute infection, and recommend routine ultrasounds before 24 weeks gestation

[35]. Laboratory confirmation of ZIKV facilitates systematic efforts to estimate its prevalence

and risk [39]. These practices need to be considered in the Midwest region for pregnancy man-

agement, as our findings suggest that this region will face an increase in microcephaly cases.

Therefore, training actions for primary care professionals are recommended, as well as a revi-

sion of protocols related to pregnant women in areas at risk.

The transmission of ZIKV and other arbovirus diseases through genus Aedes mosquitos

places every region with a tropical climate in a position of risk. The European Centre for Dis-

ease Prevention and Control mapped and categorized patterns of ZIKV transmission globally

[40]. Several countries in South and Central America, Africa, and portions of Oceania were

categorized by the World Health Organization as regions with active circulation of ZIKV.

Tracking the relationship and behavior of ZIKV and microcephaly geographically is essential

to design and implement response strategies to avoid outbreaks of microcephaly and other

neurological complications [41].

The observed reduction in ZIKV incidence in the country as a whole, in fact, requires addi-

tional explanation. The incidence pattern of ZIKV followed the same tendency of dengue and

chikungunya in 2016; there were peaks in incidence during the first months of the year fol-

lowed by a decrease [8]. This trend might be due to the rainy season in Brazil that lasted from

November until the end of March for most of the country. The increase in the rainfall index

contributes to the growth of Aedes mosquito breeding sites, producing a rise in diseases trans-

mitted through this vector. Brazil has continental dimensions with different climatic character-

istics between its regions, as well as historical regional inequalities related to access to basic

sanitation services. Simultaneous access to water supply by general network, sanitary sewage

by general or rainwater network, and direct or indirect collection of garbage are still unequal

among the five Brazilian regions. Municipalities lacking adequate sanitation are subject to a

higher risk of infestation by Aedes and are consequently exposed to a higher risk of dengue,

chikungunya, and ZIKV [42]. Even with this hypothesis, there is not yet longitudinal data on

ZIKV to attribute the decrease in incidence rates to seasonal events like the rainy season. Addi-

tional hypotheses are being tested to explain the decline in ZIKV cases, including a massive

infection perspective leading to a lack of susceptible individuals [43].

ZIKV and microcephaly geospatial associations

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006392 April 25, 2018 11 / 16

https://doi.org/10.1371/journal.pntd.0006392


As limitations of the present study, we can highlight the lack of laboratory confirmation

for part of the cases considered. However, they meet the epidemiological case criteria.

Another limitation was the impossibility of estimating the incidence rates of ZIKV infection

only in women due to the absence of the gender variable in the database. Thus, the estimates

refer to the overall rates including men and women. The presence of gender information, as

well as other details, such as pregnancy status or week of pregnancy, could increase the sur-

veillance capabilities of the present information. Additionally, this information carries the

potential to better support the relationship among ZIKV and microcephaly. However, as the

current evidence supports sexual transmission [38,44–47] and salivary transmission [48], a

high incidence in men increases the chances of infection in women. Thus, the overall inci-

dence is a good estimator of the disease in the population. The fact that compulsory notifica-

tion was only instituted in Brazilian health services in February 2016 may have led to an

underreporting of both events (ZIKV and microcephaly), but especially of the first. The

detection of abnormal levels of microcephaly cases was the trigger event responsible for rais-

ing additional investigations. Only after several months was a clear relation between micro-

cephaly and ZIKV established. Thus, ZIKV was not on the surveillance radar of Brazilian

epidemiological authorities when the microcephaly cases peaked. Therefore, there is no solid

information about ZIKV incidence before the first rise in microcephaly cases, limiting the

possibility of additional investigations regarding the first outbreak of microcephaly. As a

consequence, there was potential bias towards the null hypothesis in association estimates,

i.e., if all cases of ZIKV infection had been effectively reported, the associations found would

have been even stronger.

Our study helps clarify the spatial association of microcephaly incidence in neonates whose

mothers were previously infected with ZIKV. However, doubts remain about a possible rela-

tionship between the time of infection in pregnancy and the severity of sequelae in the fetus, or

whether the symptoms of microcephaly depend on virus titers in fluids but not at the time of

infection [49]. We don’t know if co-infections like dengue and chikungunya play any role in

the severity of microcephaly [50]. Little is known [51,52] about the consequences of co-infec-

tion events [50,53]. What are the mechanisms used to break placenta barriers? What cells are

involved in the pathogenesis of severe disease? [54] It is imperative to establish Aedes aegypti
control in the Americas and the rest of the world to prevent the spread of ZIKV to new areas

[55]. Understanding these and other issues may contribute to plans to control new outbreaks

of this or other variations of the virus.
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do Brasil; 2017.

8. Brasil. Sala de Apoio àGestão Especializada (SAGE) [Internet]. 2017. http://dab.saude.gov.br/

portaldab/sala_apoio_gestao_estrategica.php

9. Centers for Disease Control and Prevention. Increase in Reported Prevalence of Microcephaly in

Infants Born to Women Living in Areas with Confirmed Zika Virus Transmission During the First Trimes-

ter of Pregnancy—Brazil, 2015. 2016. http://dx.doi.org/10.15585/mmwr.mm6509e2.

10. da Cunha AJLA, de Magalhaes-Barbosa MC, Lima-Setta F, de Medronho RA, Prata-Barbosa A.

Microcephaly Case Fatality Rate Associated with Zika Virus Infection in Brazil: Current Estimates.

Pediatr Infect Dis J. 2017; 36: 528–530. https://doi.org/10.1097/INF.0000000000001486 PMID:

28403061

11. Registry USZP, Reynolds MR, Jones AM, Petersen EE, Lee EH, Rice ME, et al. Vital Signs: Update on

Zika Virus—Associated Birth Defects and Evaluation of All U. S. Infants with Congenital Zika Virus

Exposure—. Cdc. 2017; 66: 366–373. https://doi.org/10.15585/mmwr.mm6613e1 PMID: 28384133

12. França GVA, Schuler-Faccini L, Oliveira WK, Henriques CMP, Carmo EH, Pedi VD, et al. Congenital

Zika virus syndrome in Brazil: a case series of the first 1501 livebirths with complete investigation. Lan-

cet (London, England). 2016; 388: 891–897. https://doi.org/10.1016/S0140-6736(16)30902-3

13. Calvet G, Aguiar RS, Melo ASO, Sampaio SA, de Filippis I, Fabri A, et al. Detection and sequencing of

Zika virus from amniotic fluid of fetuses with microcephaly in Brazil: a case study. Lancet Infect Dis.

Elsevier; 2017; 16: 653–660. https://doi.org/10.1016/S1473-3099(16)00095-5

14. Brasil P, Pereira JP Jr, Raja Gabaglia C, Damasceno L, Wakimoto M, Ribeiro Nogueira RM, et al. Zika

Virus Infection in Pregnant Women in Rio de Janeiro—Preliminary Report. N Engl J Med. 2016; NEJ-

Moa1602412. https://doi.org/10.1056/NEJMoa1602412 PMID: 26943629

15. Xavier DR, Magalhães M de AFM, Gracie R, dos Reis IC, de Matos VP, Barcellos C. Difusão espaço-

tempo do dengue no Municı́pio do Rio de Janeiro, Brasil, no perı́odo de 2000–2013. Cad Saude

Publica. 2017; 33. https://doi.org/10.1590/0102-311x00186615

16. Nsoesie EO, Ricketts RP, Brown HE, Fish D, Durham DP, Ndeffo Mbah ML, et al. Spatial and temporal

clustering of chikungunya virus transmission in dominica. PLoS Negl Trop Dis. 2015; 9. https://doi.org/

10.1371/journal.pntd.0003977 PMID: 26274813

17. Macintyre S, Ellaway A, Cummins S. Place effects on health: How can we conceptualise, operationalise

and measure them? Social Science and Medicine. 2002. pp. 125–139. https://doi.org/10.1016/S0277-

9536(01)00214-3 PMID: 12137182
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with Prolonged Maternal Viremia and Fetal Brain Abnormalities. N Engl J Med. 2016; 374: 2142–2151.

https://doi.org/10.1056/NEJMoa1601824 PMID: 27028667

37. Fares RCG, Souza KPR, Anez G, Rios M. Epidemiological Scenario of Dengue in Brazil. BioMed

Research International. 2015. https://doi.org/10.1155/2015/321873 PMID: 26413514

38. Russell K, Hills SL, Oster AM, Porse CC, Danyluk G, Cone M, et al. Male-to-female sexual transmission

of zika virus-United States, January-April 2016. Clin Infect Dis. 2017; 64: 211–213. https://doi.org/10.

1093/cid/ciw692 PMID: 27986688

39. Chibueze EC, Tirado V, Lopes KD, Balogun OO, Takemoto Y, Swa T, et al. Zika virus infection in preg-

nancy: a systematic review of disease course and complications. Reprod Health. 2017; 14: 28. https://

dx.doi.org/10.1186/s12978-017-0285-6 PMID: 28241773

40. Evans R. European Centre for Disease Prevention and Control. Nurs Stand. 2014; 29: 30. https://doi.

org/10.7748/ns.29.9.30.s34 PMID: 25351079

41. Brasil P, Sequeira PC, Freitas AD, Zogbi HE, Calvet GA, de Souza RV, et al. Guillain-Barré syndrome
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