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Background: Northeast Brazil has the world’s highest rate of Zika-related microcephaly. However, Zika case 
counts cannot accurately describe burden because mandatory reporting was only established when the epi- 
demic was declining in the region. 

Methods: To advance the study of the Zika epidemic, we identified hotspots of Zika in Pernambuco state, 
Northeast Brazil, using Aedes -borne diseases (dengue, chikungunya and Zika) and microcephaly data. We 
used Kulldorff’s Poisson purely spatial scan statistic to detect low- and high-risk clusters for Aedes -borne 
diseases (2014–2017) and for microcephaly (2015–2017), separately. Municipalities were classified according 
to a proposed gradient of Zika burden during the epidemic, based on the combination of cluster status in each 
analysis and considering the strength of the evidence. 

Results: We identified 26 Aedes -borne diseases clusters (11 high-risk) and 5 microcephaly clusters (3 high-risk) 
in Pernambuco. According to the proposed Zika burden gradient, our results indicate that the northeast of Per- 
nambuco and the Sertão region were hit hardest by the Zika epidemic. The first is the most populous area of 
Pernambuco, while the second has one of the highest rates of social and economic inequality in Brazil. 

Conclusion: We successfully identified possible hidden Zika hotspots using a simple methodology combining 
Aedes- borne diseases and microcephaly information. 
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Zika cases, identifying areas that were the hardest hit remains a 
challenge. 
The first large outbreak of ZIKV, a flavivirus transmitted to 

humans mainly by Aedes aegypti mosquitoes, was on the island 
of Yap (Federated States of Micronesia) in 2007. 3 According 
to genomics analyses, ZIKV was likely introduced to Brazil in 
the state of Pernambuco, possibly during 2013, and may have 
disseminated from there to other regions and even to other 
countries. 4 , 5 Zika was considered a benign disease until October 
2015, when an unusual increase in the number of neonates 
with microcephaly was detected in Pernambuco, Northeast 
Brazil. Microcephaly and other congenital malformations were 
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ccurately assessing a community’s disease burden is a major 
oal in public health research and is critical to the study of 
pidemics and their consequences. When new viral diseases 
merge, this task is challenging, as the reporting of cases may 
nly be established after widespread transmission has occurred. 
lthough the Zika virus (ZIKV) reached Brazil in 2014, mandatory 
eporting of cases did not begin until 2016, at least a full year 
nto the epidemic. 1 , 2 Given the difficulty of accurately assessing 
he Zika burden during the epidemic and the lack of data on 
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Figure 1. Regions and municipalities of Pernambuco state, Brazil. 
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later associated with ZIKV infection during pregnancy, and the
congenital Zika syndrome was first described. 1 From January
2015 to November 2016, 1950 infection-related microcephaly
cases were confirmed in Brazil, of which 1487 (76.3%) were in the
Northeast region. 2 By the end of the Zika epidemic, nowhere else
in the world had microcephaly rates as high as those observed
in Northeast Brazil. 
The task of identifying areas most affected by the Zika epi-

demic is hampered by some important factors. First, the manda-
tory reporting of Zika cases to Brazilian health authorities only
began in 2016, a full year after the epidemic began, and well after
the assumed peak of cases in most of the Northeast region. 2 , 6
As a result, the number of reported Zika cases in this region and
period of time is much lower than the reported cases of con-
genital microcephaly, despite well-established links between the
two. 7 In the absence of Zika data for 2014 and 2015, the num-
ber of microcephaly cases likely helps to identify areas that expe-
rienced Zika outbreaks. It is also important to note that micro-
cephaly cases, given the severity of the condition, are much
less likely to be under-reported than Zika cases. In a previous
study, the incidence of Zika by municipality in Brazil was esti-
mated directly from the rate of microcephaly cases. 7 However,
it is important to note that other factors may be acting to mod-
ify the risk of this congenital malformation when the infection
occurs during pregnancy. 8 , 9 As a consequence, a high incidence
of Zika does not always translate to high microcephaly rates. 
Information on the distribution of other arboviruses endemic

in Brazil, namely dengue and chikungunya, can also serve as indi-
cators of Zika incidence during this period. A major factor link-
ing the incidence of Zika, dengue and chikungunya is the fact
that they share the same vector, the Aedes aegypti mosquito. 10
By virtue of a shared carrier, a greater risk of one arbovirus in a
given area may imply greater risk of another arbovirus. Further-
more, it can be difficult in a clinical setting to distinguish between
symptoms of Zika and symptoms of dengue and chikungunya,
and cases of one are sometimes mistakenly reported as cases
of another. 11 In fact, in the absence of a channel for reporting
Zika cases in 2014 and 2015, the government in Pernambuco
encouraged medical professionals to report Zika cases as dengue
cases. 12 Thus, the distinction between Zika, dengue and chikun-
190 
gunya during this period is blurred in official records for clinical as
well as administrative reasons. 
Therefore, we propose that an elevated burden of Zika dur-

ing and immediately following the epidemic in Brazil (from 2014
to 2017) may be detected primarily by an increase in the inci-
dence of microcephaly, as well as by increases in the incidence
of dengue, chikungunya and Zika itself. Considering these factors
together represents a way to identify which areas were hit hard-
est by the Zika epidemic and which areas were less affected. This
study sought to identify these areas in the state of Pernambuco.
Pernambuco is a poor and unequal state in Brazil, and one of the
most severely affected states in the Zika epidemic, accounting
for 16.8% of Brazil’s reported cases of congenital Zika syndrome
through the end of 2017. 13 

Methods 
Study site 
Pernambuco is located in Northeast Brazil, and has 185 munic-
ipalities divided into five regions: Agreste, Mata, Metropolitan of
Recife, São Francisco and Sertão (Figure 1 ). The state is charac-
terized by coastal and marshy terrain, with varying climate con-
ditions ranging from humid tropical (predominant on the coast)
and semiarid (predominant in the interior). The population of Per-
nambuco was estimated at 9674 793 in 2021, with 98.65 inhabi-
tants per km 

2 . 14 The capital Recife had 1661 017 inhabitants and
the highest population density (approximately 7590 inhabitants
per km²) of the state, according to the estimates for 2021. 15 

Data 
In Brazil, suspected cases of dengue, Zika or chikungunya identi-
fied at healthcare facilities are reported to the Notifiable Diseases
Information System ( Sistema de Informação de Agravos de Noti-
ficação [SINAN]) of the Brazilian Ministry of Health. We obtained
data on reported cases of dengue (2014–2017), Zika (2016–
2017) and chikungunya (2015–2017) confirmed by laboratory
or clinical-epidemiological criteria from SINAN ( ftp://ftp.datasus.
gov.br/dissemin/publicos/SINAN/DADOS ). We chose these years

ftp://ftp.datasus.gov.br/dissemin/publicos/SINAN/DADOS
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ecause Zika started causing outbreaks in the state in 2014. How- 
ver, chikungunya and Zika cases data were only available after 
015 and 2016, respectively. The data that were not publicly 
vailable at the time of the analysis (Zika and chikungunya cases 
ata) were requested from the Ministry of Health at https://esic. 
gu.gov.br/ , by using the Law of Access to Information. Cases 
ere analyzed and aggregated by municipality of notification. 
We obtained the anonymized individual records of live births 

rom the Brazilian Ministry of Health’s Live Births Information 
ystem ( Sistema de Informações sobre Nascidos Vivos [SINASC]) 
rom 2015 to 2017. The first Zika-related microcephaly cases 
ere reported in 2015. The SINASC data are publicly available 
t ftp://ftp.datasus.gov.br/dissemin/publicos/SINASC/ . The accu- 
ulated counts of live births by municipality for the study period 
re shown in Supplementary Figure 1. Microcephaly cases were 
dentified as those with the code ‘Q02’ in any position of the 
ariable corresponding to the classification of congenital anoma- 
ies according to the 10th Revision of the International Statistical 
lassification of Diseases and Related Health Problems (ICD-10). 
hen the data were aggregated by municipality of residence of 
he mother. The complete data were also aggregated to obtain 
he number of live births by municipality. 
Population projections by municipality estimated by Freire 

t al . were used in the analysis. 16 We used the mean 
opulation by municipality from 2014 to 2017 (Supplemen- 
ary Figure 2). Shapefiles were downloaded at the Brazil- 
an Institute of Geography and Statistics Instituto Brasileiro 
e Geografia e Estatística website ( https://www.ibge.gov.br/ 
eociencias/organizacao- do- territorio/malhas- territoriais ). 

tatistical analysis 
or the exploratory analysis, we calculated the incidence per 
00 000 inhabitants for dengue, Zika and chikungunya, and the 
icrocephaly incidence per 10 000 live births by municipality for 
ll years combined. We excluded Fernando de Noronha munici- 
ality from the analysis as it is an island approximately 350 km 

way from the mainland. 
We used the packages tidyverse (v. 1.3.0) 17 and ggplot2 

v. 3.3.0) 18 in R (R Core Team, Vienna, Austria, v. 3.6.3) 19 to orga- 
ize, analyze and visualize the data. 

can statistics 

o detect low and high-risk clusters of Aedes- borne diseases 
nd microcephaly we used Kulldorff’s Poisson purely spatial scan 
tatistic 20 for all years combined for (i) Aedes -borne diseases 
dengue + Zika + chikungunya) (2014–2017) and (ii) micro- 
ephaly cases (2015–2017). 
Purely spatial scan statistics identify clusters through mov- 

ng circles across space by comparing the observed number of 
ases with the expected number of cases inside the circle. 20 The 
unicipality was considered as part of the circle if its centroid was 
ocated within the circle. The clusters are ordered according to the 
og-likelihood ratio (LLR), where the cluster with the maximum 

LR is the most likely cluster, that is, the cluster least likely to be
ue to chance. 20 The LLR is calculated as follows: 

LLR = 

(
c 
E c 

)c ( C − c 
C − E c 

)C−c 
, (1) 

here c is the number of cases inside the cluster, C is the total
umber of cases in the state and E c is the expected number of 
ases inside the circle. E c is calculated by: 

E c = 

C 
P 

∗ p, (2) 

here P is the population of the state and p is the population 
nside the cluster. A high-risk cluster is defined by an area with 
ore cases than expected, while a low-risk cluster is an area with 
ewer cases than expected. 
To assess statistical significance, we performed Monte Carlo 

imulations (n = 999) for each analysis. Clusters were considered 
o be statistically significant if p < 0.05. Clusters were restricted to 
ot overlap geographically, to have at least five cases, to include a 
aximum of 50% of Pernambuco’s population at risk and to have 
 maximum radius of 50 km. Because of the skewed population 
f Pernambuco, which is highly concentrated in the Metropolitan 
egion of Recife, we chose to use both the maximum population 
t risk and the maximum radius criteria to restrict the size of the 
lusters. For the maximum population at risk, 50% is the stan- 
ard setting. We experimented with different sizes of maximum 

adius and chose 50 km, resulting in a reasonable combination of 
umber and size of detected clusters. 
SaTScan (v. 9.6) software ( https://www.satscan.org/ ) was 

sed within R (v. 3.6.3), 19 along with the package rsatscan 
v. 0.3.9200). 21 

ika epidemic burden classification 

o identify the municipalities that were most and least affected 
y the Zika epidemic, we propose a classification of Zika epidemic 
urden by combining the results from the two scan statistics 
nalyses (Table 1 ). From each set of results (for microcephaly and 
or Aedes -borne diseases), we used whether the municipality was 
art of a cluster or not, and if so, of what type (i.e. low- or high-
isk). First, we defined three major categories: (i) hotspots: munic- 
palities that were part of any high-risk cluster; (ii) coldspots: 
unicipalities that were part of any low-risk cluster and were not 
art of any high-risk cluster; and (iii) neutral: municipalities that 
ere not part of any clusters. 
Then we further split the major categories into a proposed, 

iverging gradient, in which the extreme values represent the 
unicipalities that were most and least affected by the Zika 
pidemic. This gradient was based on the different combina- 
ions of cluster types of microcephaly with the cluster types 
f Aedes -borne diseases. In our results, we had nine different 
ombinations (Table 1 , columns 3 and 4), hence, our proposed 
radient has nine levels. Positive values were attributed for the 
ombinations fitting the definition of hotspots, negative values 
or the coldspots and zero for the neutral category. To define 
he order of the combinations in the gradient we considered the 
trength of the evidence. In the extremes are the municipalities 
hat were identified as part of clusters of the same type for both 
191 
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Table 1. Proposed criteria for classification of municipalities in 
terms of estimated Zika burden during the epidemic, based on 
cluster type of microcephaly and dengue, Zika and chikungunya 
(DZC) 

Zika burden classification Cluster type 

Major category Gradient Microcephaly DZC 

Hotspots 5 High-risk High-risk 
4 High-risk - 
3 High-risk Low-risk 
2 - High-risk 
1 Low-risk High-risk 

Neutral 0 - - 

Coldspots −1 - Low-risk 
−2 Low-risk - 
−3 Low-risk Low-risk 
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microcephaly and Aedes -borne diseases. For the intermediate
levels, we considered microcephaly data to provide stronger
evidence than Aedes -borne diseases because the latter are more
likely to be under-reported. Therefore, we assumed that being
part of a high-risk cluster for microcephaly represented a higher
Zika burden than being part of a high-risk Aedes -borne disease
cluster. 
The data underlying this article and the script of the analysis

are available at https://github.com/laispfreitas/PE _ satscan . 22 

Results 
In the state of Pernambuco there were 123 934 dengue, 167
Zika and 32 983 chikungunya cases from 2014 to 2017, and 800
microcephaly cases from 2015 to 2017 (Supplementary Table 1).
Of the 167 Zika reported cases, 96 were in Recife. In 2016, 25
municipalities reported at least one case of Zika. 
The cumulative incidence of dengue, Zika and chikungunya

during 2014–2017 peaked at 11 742.9 cases per 100 000 inhab-
itants, with the highest incidence identified in the Agreste region
(Figure 2 A). In this period, four municipalities did not report
dengue, Zika, chikungunya or microcephaly cases. Higher micro-
cephaly incidence rates were observed in the Sertão region,
peaking at 98.4 cases per 10 000 live births (Figure 2 B). Fifty-
one out of 184 municipalities did not report any cases of
microcephaly. 
There were 26 clusters of dengue, Zika and chikungunya

detected in 2014–2017 using the purely spatial scan statis-
tics, with 11 high-risk and 15 low-risk clusters (Supplementary
Table 2). The most likely high-risk cluster and the most likely
low-risk cluster were both detected in the Metropolitan Region of
Recife (Figure 3 A). For microcephaly, five clusters were detected
in 2015–2017, with three high-risk and two low-risk clus-
ters (Supplementary Table 3). The most likely low-risk clus-
ter was detected in the Agreste and Mata regions, and the
most likely high-risk cluster in the northwest of Sertão region
(Figure 3 B). 
192 
Combining the results of both scan statistics analyses (i.e.
Aedes -borne diseases and microcephaly), of the 50 municipalities
constituting high-risk microcephaly clusters, 10 were also high-
risk for dengue, Zika and chikungunya (Table 2 ). Of the 24 munic-
ipalities constituting low-risk microcephaly clusters, 19 were also
low-risk for dengue, Zika and chikungunya. The names of the
municipalities in each category from Table 2 are available in Sup-
plementary Table 4. 
In Figure 4 we show the proposed Zika burden classification

after combining the results from the scan statistics analyses to
identify the municipalities most and least affected by the epi-
demic. The municipalities identified as probable Zika hotspots are
depicted in warm colors. Sixty-three out of 184 municipalities
were identified as probable hotspots for Zika. The results indi-
cate that the municipalities in the northeast of Pernambuco state
and in the Sertão region were hardest hit by the Zika epidemic
(Figure 4 ). 

Discussion 

Mandatory reporting of confirmed Zika cases came late in the
epidemic in Brazil, hindering reliable identification of areas most
affected by the disease. To address this issue, we identified spa-
tial clusters of Zika, dengue and chikungunya—three arboviruses
that share the same vector, the Ae. aegypti mosquito—and of
microcephaly cases in neonates to identify hidden Zika hotspots
in the state of Pernambuco, one of the most affected by the epi-
demic. 
Our results indicate that the northeast of Pernambuco—

including parts of the Metropolitan Region of Recife, Mata and
Agreste—and the more western part of the Sertão region were hit
hardest by the Zika epidemic. These two regions are on opposite
sides of the state. The first has the state’s highest population den-
sity and urbanization rate. Because other arboviruses are more
frequent in urban areas, these areas might see a magnified risk
of Zika. A study in Recife has described an association between
precarious living conditions and higher microcephaly incidence. 23 
The urban poor in Brazil often live in households and areas that
lack solid infrastructure, such as proper plumbing systems and
waste disposal, leading to poor environmental hygiene associ-
ated with mosquito breeding. The Sertão region has one of the
highest rates of social and economic inequality in Brazil and is
also characterized by precarious healthcare access. The distribu-
tion of health services in the Sertão region is well below the state
average, while child and maternal mortality are higher than the
state average. 24 , 25 
Fifty municipalities constituted high-risk microcephaly clus-

ters, with only 10 of these also constituting high-risk clusters for
Aedes- borne diseases. Because most cases of microcephaly in
the region were caused by Zika, 26 the pattern of high risk of micro-
cephaly combined with a low risk of dengue, Zika and chikun-
gunya suggests that there was under-reporting of Aedes -borne
diseases in these municipalities. The under-reporting of acute
infectious diseases is usually higher in poorer areas, as a conse-
quence of lower access to healthcare services. Therefore, using
only Aedes -borne data would bias the identification of Zika high-
risk areas. By combining the analyses using such data with analy-
ses using microcephaly data, we successfully identified potential

https://github.com/laispfreitas/PEsatscan
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Figure 2. Cumulative incidence of dengue, Zika and chikungunya (DZC) per 100 000 inhabitants, 2014–2017 (A) and of microcephaly per 10 000 live 
births, 2015–2017 (B), Pernambuco state, Brazil. 
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idden Zika hotspots. Of note, the identification of Sertão region 
s a Zika hotspot was only possible because the scan statistics 
esults for dengue, Zika and chikungunya were combined with the 
esults for microcephaly. 
Of 23 municipalities constituting high-risk clusters for Aedes - 

orne diseases, 10 were also high risk for microcephaly. It is pos- 
ible that in locations that were high-risk for Aedes- borne dis- 
ases but not for microcephaly, dengue and/or chikungunya was 
r were more prevalent than Zika. However, these results rein- 
orce the hypothesis of a higher Zika incidence not necessarily 
ranslating into higher microcephaly incidence. 8 , 9 Microcephaly 
ates as high as those observed in Northeast Brazil were unprece- 
ented and not observed anywhere else in the world where Zika 
as knowingly caused large epidemics. It seems that underlying 
actors may be acting to modify the risk of developing micro- 
ephaly given the infection during pregnancy. 23 , 27 Even today, 
he reason why some regions of Northeast Brazil presented such 
igh Zika-related microcephaly rates remains an open question. 
The coldspots need to be interpreted with caution. It is pos- 

ible that low-risk areas were identified as such due to under- 
eporting or because, in fact, the Zika burden was low in these 
ocations. If the latter is true, the population of municipalities 
lassified as Zika coldspots may be at risk of future outbreaks. 
eroprevalence studies can explore this issue. The healthcare 
nd epidemiological surveillance coverage in Pernambuco, espe- 
ially of reference services, decreases the further one moves to 
he interior of the state (from the coast to the Sertão region), 
ith the exception of the municipality of Petrolina (São Fran- 
isco region), a regional development hub. These ‘assistance 
aps’ directly impact the coverage and quality of information 
ystems, including SINASC and SINAN, responsible for capturing 
nd reporting live births and compulsory notification diseases, 
espectively. 
The two high-risk microcephaly clusters were identified in the 

ortheast and in the Sertão region. A recent study estimated the 
patiotemporal distribution of microcephaly in Pernambuco using 
 conditional autoregressive model and found high microcephaly 
ncidences also in the middle portion of the state. 28 In addition 
o having used a different methodology, the authors used data 
rom a different source, the Public Health Event Registry ( Registro 
e Evento de Saúde Pública [RESP]) system, explaining the differ- 
nces in the results. The case definition for notification in the RESP 
ystem is different from that of SINASC, and has undergone sev- 
ral changes over time. The RESP system was implemented in 
ovember 2015 for the notification of cases of microcephaly and 
ny other congenital anomalies. 
Despite its important contributions, this study has some lim- 

tations. Due to the awareness surrounding the microcephaly 
pidemic, it is possible that microcephaly reporting was over- 
eported and that a proportion of cases were misdiagnosed. To 
ounterbalance this, we used information from the Live Births 
ystem, SINASC, instead of the RESP system, as it is more robust 
nd less prone to bias caused by disease awareness. SINASC 
ata are collected only by authorized staff from medical facil- 
ties, at the moment of the birth of the child. Any person with 
n internet connection was able to report a case to RESP at any 
193 
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Figure 3. Low- and high-risk clusters of dengue, Zika and chikungunya cases, 2014–2017 (A) and of microcephaly, 2015–2017 (B), in Pernambuco 
state, Brazil. Clusters are ordered by likelihood ratio. 

Table 2. Number and percentage of municipalities by cluster type for dengue, Zika and chikungunya (DZC) cases (2014–2017) and for 
microcephaly (2015–2017), Pernambuco state, Brazil 

Microcephaly cluster type, n (%) 

High No cluster Low Total, n (%) 

DZC cluster type High 10 (5.4) 12 (6.5) 1 (0.5) 23 (12.5) 
No cluster 29 (15.8) 54 (29.3) 4 (2.1) 87 (47.3) 
Low 11 (6.0) 44 (23.9) 19 (10.3) 74 (40.2) 

Total 50 (27.2) 110 (59.8) 24 (13.0) 184 (100.0) 
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moment, which could lead to cases being reported more than
once and other data quality issues. However, SINASC only cap-
tures the microcephaly cases diagnosed at birth, while some
cases may be diagnosed later in life. As already mentioned, there
is under-reporting and misclassification of Aedes -borne diseases
cases. To address the latter, we combined the three diseases—
194 
dengue, Zika and chikungunya—in the analysis. Different lev-
els of under-reporting across the municipalities were expected,
both for Aedes -borne diseases (SINAN data) and microcephaly
cases (SINASC data), and could bias our results. Finally, we
did not consider covariates that might help identify spatial
hotspots. 
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Figure 4. Proposed Zika burden classification by municipality, 2014–2017, Pernambuco state, Brazil. 
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This analysis provides a much-needed classification of Zika 
urden in the state most affected by the Zika epidemic. In doing 
o, our results have the potential to be used by policymakers 
o target interventions in the identified hotspots to reduce the 
ocial, economic and societal impacts of the Zika epidemic. 1 
his study also provides a foundation for addressing the poten- 
ial double jeopardy of two successive novel infectious disease 
utbreaks. Brazil is the country most affected by the Zika epi- 
emic and has been an epicenter of the COVID-19 pandemic, 
ith more than 22 million confirmed cases and more than 618 
housand deaths by 25 December 2021. 29 The Brazilian popu- 
ation is therefore experiencing two successive outbreaks with 
eproductive health consequences. There is now evidence that 
regnant women have higher chances of developing the severe 
orm of COVID-19. 30 Such double jeopardy will directly impact 
ow Brazilian women experience reproductive health and child- 
earing in future cohorts. 
Our study provides a foundation for research investigating the 

ocial and environmental factors associated with Zika. Merging 
ata on socioeconomic characteristics, health surveillance infras- 
ructure and environmental conditions at the municipality level 
o our classification scheme represents an important next step 
n addressing this question. Our study also provides an important 
asis for analyses that identify high-risk areas for illnesses that 
re historically under-reported, a common issue, particularly in 
ow- and middle-income countries. The applied methodology has 
he potential to be adapted to instances in which a novel dis- 
ase emerges and where under-reporting is also expected. As 
n example, excess deaths, influenza-like illness and hospital- 
zations due to severe acute respiratory illness, could be used to 
dentify and classify high-risk areas for COVID-19. 

onclusions 
he identification of areas most affected by the Zika epidemic has 
mportant research and policy implications. By combining Zika 
ith other arboviruses and microcephaly, our approach offers 
 broader and potentially more reliable classification scheme 
or identifying Zika hotspots: information that can be used to 
nform public health research and policy. Importantly, our analy- 
is identifies areas that might be particularly vulnerable to under- 
eporting, as suggested by the clusters that had a high micro- 
ephaly risk but a low Aedes- borne diseases risk. 

upplementary data 

upplementary data are available at Transactions online. 
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