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bstract
ackground

he 2015-16 Zika virus pandemic originating in Latin America led to predictions of a catastrophic global spread of the disease.
ince the current outbreak began in Brazil in May 2015 local transmission of Zika has been reported in over 60 countries and

erritories, with over 750 thousand confirmed and suspected cases. As a result of its range expansion attention has focused on
ossible modes of transmission, of which the arthropod vector-based disease spread cycle involving Aedes species is believed to
e the most important. Additional causes of concern are the emerging new links between Zika disease and Guillain-Barre
yndrome (GBS), and a once rare congenital disease, microcephaly.

ethodology/principal findings

ike dengue and chikungunya, the geographic establishment of Zika is thought to be limited by the occurrence of its principal vector
osquito species, Ae. aegypti and, possibly, Ae. albopictus. While Ae. albopictus populations are more widely established than

hose of Ae. aegypti, the relative competence of these species as a Zika vector is unknown. The analysis reported here presents a
lobal risk model that considers the role of each vector species independently, and quantifies the potential spreading risk of Zika

into new regions. Six scenarios are evaluated which vary in the weight assigned to Ae. albopictus as a possible spreading vector.
he scenarios are bounded by the extreme assumptions that spread is driven by air travel and Ae. aegypti presence alone and
pread driven equally by both species. For each scenario destination cities at highest risk of Zika outbreaks are prioritized, as are
ource cities in affected regions. Finally, intercontinental air travel routes that pose the highest risk for Zika spread are also ranked.
he results are compared between scenarios.

onclusions/significance

esults from the analysis reveal that if Ae. aegypti is the only competent Zika vector, then risk is geographically limited; in North
merica mainly to Florida and Texas. However, if Ae. albopictus proves to be a competent vector of Zika, which does not yet
ppear to be the case, then there is risk of local establishment in all American regions including Canada and Chile, much of
estern Europe, Australia, New Zealand, as well as South and East Asia, with a substantial increase in risk to Asia due to the more

ecent local establishment of Zika in Singapore.

uthor summary
etween 1952, when the Zika virus was first found in humans, and 2007 Zika disease outbreaks were limited to small isolated
pidemics in equatorial Africa and tropical Asia. However, the recent outbreak, which began in Brazil in May 2015, resulted over
50 thousand estimated cases and confirmed local transmission in more than 60 countries by October, 2016. Like dengue and
hikungunya, Zika is spread by Aedes aegypti mosquitoes and possibly, other species including Aedes albopictus. Geographic
pread of the virus occurs when infected travelers travel from affected regions to ones without an established local Zika disease
ycle, but in which the known and potential vector species have established populations. We estimate the risk of Zika importation
nd establishment into new regions using air travel data and ecological vector habitat suitability models for Ae. aegypti and Ae.
lbopictus. Given the uncertainties surrounding the vectorial competence of Aedes mosquitoes, we compare the geographic risk
rofiles when spread is driven by air travel and Ae. aegypti presence alone, with spread driven by air travel and both species. We
onclude that there is a much higher global risk of Zika spread under the latter scenario, although it is the least likely.
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Introduction
In May 2015, a Zika disease outbreak originated in Brazil, and by October 5, 2016, local transmission of the Zika virus had been
eported in over 60 countries and territories, with over 750 thousand estimated cases [1]. The World Health Organization (WHO)
reviously predicted that the virus would establish itself in all countries in the Americas except Canada and Chile [2], and with few
xceptions this scenario has proved true. Travel-imported cases have also been increasingly reported throughout the United
tates, as well as in Australia, New Zealand, Canada, Western Europe, and China [3], representing the first time Zika has been

eported in many of these western countries.

he Zika virus was first isolated in 1947 in a sentinel monkey in the Zika forest of Uganda [4] which gave the virus its name. It was
irst found in humans in 1952 [5]. However, only 14 human cases were documented prior to 2007 [6], and these were limited to
mall isolated epidemics in equatorial Africa and tropical Asia [6]. Since the 1950s the virus has spread eastwards from Africa
hrough Asia and the Pacific, culminating with the 2015-16 outbreak in Latin America [7, 8].

he first documented recent outbreak of Zika disease occurred on Yap Island in the Federated States of Micronesia in the North
acific in 2007 with less than 200 acknowledged cases [6]. In 2013 another outbreak occurred in French Polynesia, with around
8,000 suspected cases, at which point Zika began to be generally recognized as a re-emerging infectious disease [9]. The
utbreak subsequently spread from French Polynesia to other Pacific Islands including New Caledonia, Cook Island, and Easter

Island, where autochthonous transmission cycles were established [10]. Travel–imported cases were also documented in Japan
11], Germany [12] and Norway [10], among other regions.

he recent outbreak in Latin America began in Brazil, with the first documented Zika case reported in May, 2015 [13], although
hylogenetic analyses of virus RNA sequences suggest that the virus was introduced into the Americas between May and
ecember 2013 [14]. The virus quickly spread from Brazil throughout Latin America; by February 2016, an estimated 31,555 cases
ere identified in Colombia alone [2].

istorically, Zika infection has been associated with mild symptoms typically resembling and milder than those of related
rboviruses such as dengue and chikungunya; many cases of infection show no symptoms at all. However, the recent outbreaks in
rench Polynesia and Latin America have been associated with much more serious clinical manifestations of the virus. In Brazil and
rench Polynesia, a link between Zika and a rare congenital disease, microcephaly, has been identified [15–22]. Additionally,
uillain-Barre Syndrome (GBS) has been reported in patients infected with Zika, firstly in the 2013 French Polynesia outbreak [23],
nd since in greater numbers in Brazil, El Salvador, Venezuela, Colombia, and Suriname [22]. The unprecedented size of the
utbreak, rate of spread, and potential links with microcephaly and GBS prompted the WHO to declare the current Zika virus
utbreak a public health emergency of international concern [24].

ika now joins a list of arboviral diseases such as dengue and chikungunya that are being increasingly reported in new parts of the
orld, all likely introduced through global transport systems such as passenger air travel and maritime freight [14, 25]. Geographic
pread of the virus occurs when infected travelers travel from affected regions to ones without local establishment of the disease,
ut in which the known and suspected vector species have established populations. Like dengue and chikungunya, Zika is known

o be spread by Aedes aegypti; it is also strongly suspected to be spread by Aedes albopictus. While vectorial competence of Ae.
egypti is well established [26–29], and it is now confirmed to be the primary vector in spreading Zika [30–32], the capacity of Ae.
lbopictus as a secondary vector for spreading Zika is still unclear. There is evidence of the potential role of Ae. albopictus [33, 34],
owever, there is limited and conflicting quantitative estimate of its efficiency [35, 36]. Jupille et. al. [35] found that both Ae. aegypti

rom Madeira Island and Ae. albopictus from France were able to transmit the Zika virus, however Ae. albopictus from France was
ound to be less suitable to sustain local transmission. Chouin-Carneiro et. al. [36] observed high infection but low transmission
ates for both Ae. aegypti and Ae. albopictus, while WHO [31] notes the vector competence for both species is similar, but Ae.
lbopictus is considered to have lower vector capacity than Ae. aegypti. The outcomes from these studies suggests both species
re capable of Zika transmission, while also highlighting the uncertainty in the role that Ae. albopictus may play in transmitting,
preading, and helping to maintain the virus in many areas of the world. Further, potential virus adaptation to new vectors, as
emonstrated in the case of Chikungunya in La Reunion [37, 38], introduces additional uncertainties.

he uncertainty surrounding the vectorial competence of different Aedes species in spreading Zika serves as the main motivation
or the present analysis. This study explicitly addresses the differences in the potential geographical risk of Zika spread and local
isease cycle establishment if Ae. aegypti is the sole competent vector versus if both Ae. aegypti and Ae. albopictus are competent

or this purpose. Scenarios which further vary in the relative capacity of Ae. albopictus as a secondary vector are also considered.

s noted earlier, available evidence indicates that the two species differ in their vectorial competence. Moreover, the two species
lso vary widely in their present geographic distribution: Ae. aegypti is mainly present in wet tropical regions, while Ae. albopictus, a
uch better disperser, has a wider global presence in temperate regions, including the northern United States and parts of Canada,

outhern regions of the Americas including Chile, parts of Western Australia and East Asia. The analysis presented here is global
nd carried out at the finest resolution (1 arc-minute) that was permitted by the available data. Some preliminary findings were
eported earlier [39] but the methodology was not described; all the analyses have been expanded and updated here and
xpectations from those preliminary findings were used to validate conclusions from the analysis using “back-testing”.
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everal recent studies have mapped the potential spread of Zika into new regions [40–43]. These studies differ from the present
ne in either the assumptions made about the competence of potential vector species, in the spatial resolution or geographical
xtent of the study areas used, or in the methodological tools that were used. Monaghan et. al. [42] simulated Ae. aegypti and Ae.
lbopictus mosquito abundance based on meteorological models, and overlaid the results with travel and socioeconomic factors to
stimate the cities in the United States with the highest expected cases of travel-imported Zika. Nah et. al. [43] presented a global
isk model for Zika importation which used survival analysis and publicly available epidemiological and air travel data to predict the
isk of importation and local transmission of Zika at the country level. In one study, Bogoch et. al. [40] presented an air travel-based
isk map of Zika spread from Brazil into the rest of the Americas, and in another study modeled risk posed to Africa and the Asia
acific region [41]. Both works [40, 41] implicitly assumed Zika to be equally efficiently spread by both Ae. aegypti and Ae.
lbopictus, and all studies only considered airline travelers departing the Americas. However, on August 28, 2016 local Zika spread
as confirmed in Singapore, and autochthonous Zika transmission has since been reported across multiple community clusters

44]. With Singapore serving as a new potential source of Zika infected travelers, a substantially higher risk is posed to South and
outh-east Asia, where Aedes mosquito populations are well established, and Zika and dengue are endemic.

he present analysis extends previous work by presenting a global risk analysis based on a new mathematical framework to
stimate Zika importation and establishment risk at a city level based on the most recent state of the outbreak, and accounting for
ncertainties regarding the vectorial competence of Ae. albopictus. The risk analysis reported in this paper considers six scenarios,
, B, C, D, E and F, respectively, which vary in their assumed relative capacity of Ae. albopictus compared to Ae. aegypti, as a
econdary spreading vector of Zika. The scenarios are bounded by two extreme assumptions; in Scenario A spread is assumed to
e driven by Ae. aegypti presence alone, while in Scenario F spread is driven by Ae. aegypti and Ae. albopictus presence equally.

In Scenarios B through E spread is driven predominately by Ae. aegypti presence with Ae. albopictus presence playing a lesser
ole. These scenarios are further described in the Materials and Methods section.

esides air travel data, this work utilizes ecological vector habitat suitability models for Ae. aegyti and Ae. albopictus previously
eveloped to analyze the role of air travel in the risk of geographical spread of dengue [45–47]. Those models are relevant to the
isk of Zika spread because the same two vector species are implicated with one difference: while Ae. aegypti is known to be an
fficient vector for both diseases, in the case of dengue Ae. albopictus is also known to be a competent but less efficient vector,
hereas in the case of Zika it is a likely vector but its relative competence is unknown. Thus, the focus of this analysis will be on

our questions:

1. For each scenario, what is the expected relative risk posed to unaffected regions by Zika-infected travelers arriving (by air) from known affected regions?

2. For each scenario, what is the expected relative risk posed by airports in affected regions by Zika-infected travelers departing (by air) to unaffected regions?

3. What are the intercontinental air travel routes that pose the highest risk of spreading Zika into new regions?

4. To what extent did Ae. albopictus play a secondary role in the 2015-2016 Zika pandemic in Latin America?

he analysis reported here only considers potential vectorial transmission of Zika. It ignores other modes of transmission that have
een reported including sexual transmission [22] and congenital transmission [22].

aterials and methods
hroughout this analysis, the expected relative risk was computed as a function of three main components, the volume of travelers
oving between Zika-affected regions and unaffected regions, the probabilistic expectation of established vector populations at the
rigin, and the probabilistic expectation of established vector populations at the destination. Because of the role of air travel,
irports are central to this analysis as both origins and destinations for the spread of Zika. The vector suitability models and travel
tatistics used to compute passenger travel volumes are explained in further detail in the Data Section.

isk model

he following protocol was used for a scenario specific risk analysis. Six scenarios are considered, A–F, which vary in the assumed
elative capacity of Ae. albopictus as a spreading vector of Zika. The six scenarios are bounded by Scenario A, where spread is
ssumed driven by air travel and Ae. aegypti presence alone, and Scenario F, where spread is assumed to be driven by air travel
nd both species equally. Scenario B, C, D and E represent cases where Ae. albopictus plays a secondary role to Ae. aegypti.
pecifically, the relative capacity of Ae. albopictus compared with Ae. aegypti ranges from 10% to 75% across these scenarios.
ssigned weights are used in the six scenarios to represent the relative capacity, and are w = 0, 0.10, 0.25, 0.5, 0.75 and 1 for
cenarios A–F, respectively. In Scenario A the assigned weight is 0, representing the case where Ae. albopictus has no capacity to
pread Zika, while in Scenario F the assigned weight is equal to 1.0, representing equal capacity for the two species. The range of
eights is selected to demonstrate the variability in the risk posed to or from a particular location as a function of the relative
apacity of Ae. albopictus to transmit Zika. Because Ae. aegypti has been confirmed as the primary spreading vector of Zika, the
ensitivity analysis is more focused on the lower relative capacities of Ae. albopictus, which is suspected to play a much lesser role.
iven these six scenarios, the protocol consists of seven stages:

1. Identify the complete set of source airports, S, as those in countries in which autochthonous Zika transmission has been reported as of October 5, 2016
according to the Centers for Disease Control and Prevention (CDC) [3].

2. Define the set of potentially at-risk destination airports D, as those airports located in cities in unaffected regions as of October 5, 2016 according to the CDC
[3].

3. Define , the relative habitat suitability for each airport i for each scenario k as a function of Ae. aegypti and Ae. albopictus established vector presence in
each location, and the scenario specific weight, w. For Scenario k, the relative habitat suitability in the city served by airport i,is defined as:

(1)
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where  is the relative habitat suitability of Ae. aegypti in the city served by airport i,  is the relative habitat suitability of Ae. albopictus in the city served
by airport i, and w is the weight assigned in scenario k, ranging between 0 and 1. When w = 0, , or simply the expected presence of Ae. aegypti in
the city served by airport i. When w = 1,  is equivalent to the expected presence of either Ae. aegypti or Ae. albopictus in the city served by airport i. The
habitat suitabilities for each vector are normalized to a 0-1 scale.

4. For each scenario k, compute the travel route risk for each origin-destination pair, ij, connecting a source airport, i, and an at-risk destination airport, j. Define
the route risk as

(2)

where V  is the volume of travel between origin airport i ∈ S and destination airport j ∈ D, and  is the relative vector habitat suitability for scenario k in the
city served by airport i.

5. For each scenario k, compute the destination risk posed to each at-risk airport j, , by aggregating the incoming route risks from all source airports in set S,

(3)

6. For each scenario k, compute the origin risk posed by each source airport i, , by aggregating the outgoing route risks across all connected at-risk
destination airports in set D,

(4)

7. For steps 5 and 6, the computed risks for each origin and destination for each scenario were normalized to the highest risk value in Scenario D as follows: 

 and , respectively, to reflect the expected relative risk (a value ranging between 0 and 1) posed in each scenario.

ack-testing

 separate analysis was conducted to evaluate the performance of the risk model. The protocol described above was re-
implemented, wherein the set of source airports, S, was defined as those in areas with autochthonous Zika transmission as of

ebruary 15, 2016 rather than October 5, 2016 [39]. Between February 15 and October 5, 2016, 29 new countries and territories
ere added to the CDC list of affected regions. The ranking and relative risk quantified by the proposed model for each scenario for

hese 29 countries is presented and discussed. This analysis also serves to identify the sceanrio most consistent with the observed
utbreak, and thus the role played by the secondary spreading vector, Ae. albopictus.

ata

he proposed risk model is based on data from the global air traffic network and species distribution models for the principle
preading vectors species.

ravel data.

he transportation data was obtained from the International Air Transport Association (IATA), and included origin, destination and
topover airports for all routes, as well as the calibrated passenger travel volumes for each route. The route-specific passenger
ravel volumes supplied by IATA were calibrated based on data from 240 airlines comprising 84% of global air traffic, and includes
ver 3400 airports. The passenger volumes were available at a monthly temporal resolution, which thus determined the temporal
esolution of the model. The transportation data used in this paper were limited to passenger travel volumes and did not include
argo flights on which vectors could potentially be transported because the latter mode of Zika spread was excluded from this
odel. The analysis was done using flight paths and travel volumes for all routes in October 2015. These are the most recent data
vailable for this annual period.

pecies distribution models.

he risk for the establishment of Zika and potential cases of disease in an originally non-endemic area depends fundamentally on
he ability of a vector to establish itself in that area, that is, on the ecological conditions for the vector there. When these ecological
onditions are suitable, the disease may become endemic if the vector species successfully disperses to that area. A quantitative
elative measure of the suitability of one area compared to another defines the relative ecological risk of that area [48–50]. If the
cological risk is low, such an establishment is highly unlikely. If that risk is high, then other factors, such as the (temporally)

immediate ambient environmental conditions and the size of the founder population or the availability of hosts, become critical for
stablishment.

his analysis was based on habitat suitability for the two principal Zika vector species, Ae. aegypti and Ae. albopictus. The relative
cological risk for the establishment for each species was estimated using a global species distribution model at a 1 arc-minute
esolution [51, 52] based on a maximum entropy algorithm incorporated in the Maxent software package [53, 54]. Details of these
odels have been published earlier in the context of risk of dengue spread through air travel [45–47]. The same algorithm has

ince been used by others to model the distribution of these species at a coarser spatial resolution [55]. A different algorithm has
een used by another group, also at a coarser resolution, to map the global distribution of the two vectors [56], and the

ij



2/12/2019 Vector status of Aedes species determines geographical risk of autochthonous Zika virus establishment

https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0005487 5/13

nvironmental suitability for Zika [57]. While it is impossible to compare these results formally because of the differences in spatial
esolution, the predicted distributions all appear to share the same geographical extent suggesting strongly that these models are
ood indicators of where these Aedes species are likely to be present.

In this risk analysis, it was assumed that these two species do not interact, that is, the probability of the presence of each is
independent of that of the presence of the other. Thus, the probabilistic expectation of at least one of the vector species being

resent in a cell was calculated as the complement of the probability that neither is present, assuming statistical independence, as
efined in eq (1). The expectations are aggregated to the city level by averaging them over all the cells in the relevant geographical
nits. These expectations define the relative ecological risk for Zika in each cell. Habitat suitability for each city in this analysis was
omputed by aggregating across all cells in a circle with a radius of 50 km. This study does not explicitly account for population size
r the human-to-vector ratio in a region, although the arrival travel volumes, which are included, are highly correlated to regional
opulation levels.

esults
he destination risk model results are illustrated in Fig 1. The top 100 cities to which Zika may be imported from affected regions for
cenarios A, C, D, E and F are shown. The results for Scenario B are too hard to distinguish from A and C in the figure, so it is left
ut. The size of the circle represents the estimated expected relative risk posed to each city, with the color indicating the scenario.
or those cities which are served by more than one international airport, the relative risk for all airports which serve the given city
re aggregated. Solid dark red indicates the risk from Ae. aegypti alone, i.e., Scenario A, and the color of the circles lightens
rogressively from Scenario A to Scenario F. All risk values are computed using eq (3), for their respective scenarios.

Fig 1. Destination Risk Map for Spread of Zika.
The circles depict the top 100 cities to which Zika may be imported from source regions, resulting in local outbreaks. The
countries shaded in gray are those with reported autochthonous Zika transmission as of October 5, 2016. The size of the
circle is the estimated relative risk, with the color indicative of the scenario. The darkest shade indicates the risk from Ae.
aegypti alone. Lighter color circles indicate total risk from both species, weighted according to scenarios C, D, E and F.
https://doi.org/10.1371/journal.pntd.0005487.g001

1 Table contains the list of the top 100 at risk destination cities included in the map for all six scenarios, including their
orresponding rank, relative risk, and designated country.

o gain a better understanding of the risk posed by outgoing travelers, the risk posed by each city in a known affected region for
xporting infected travelers is also assessed. The top 100 origin cities in the affected regions likely to export Zika to new regions
re listed in S2 Table, including their corresponding rank, relative risk, and designated country. Similarly to the destination risk, the
elative risk at the city level is aggregated over all airports which serve a given city.

3 and S4 Tables further breaks down the previous results to identify those routes which carry the most risk into and out of cities,
nd include the top 100 highest risk origin-destination city travel pairs for Scenario A and F, respectively.

inally, in regard to validation, the model was run for each scenario using the set of sources as of February 15, 2016 along with
ravel data for February 2015. The destination risk results were aggregated to the country level, ranked and compared with the
ctual set of 29 counties/territories that were added to the CDC list of confirmed affected regions between February 15th, 2016 and
ctober 5, 2016. Results from the back-testing analysis for each scenario are presented in S5 and S6 Tables. S5 Table lists the set
f 29 Countries with local Zika transmission confirmed between February 15 and October 5 and the relative ranking for each of

hose countries computed for each of the six scenarios. S6 Table lists the top 29 countries at risk for the six scenarios. The results
eveal Scenario A identified more of the 29 countries in it’s top 29 ranking than the other three scenarios, however all scenarios

identified at least 15 of the 29, in their top 29. A more detailed discussion of these results will be presented as part of the Discussion
elow.

iscussion
y October 5, 2016 Zika had already become established throughout most of the Americas, which was also predicted by our earlier
nalysis [39]. Based on the status of the outbreak in early October 2015, the results reveal the United States and South and
outheast Asia to be at greatest risk of Zika becoming locally established. This is true for all scenarios considered, although the top
00 set of cities and corresponding rank does vary among the six scenarios. The main differences being if Ae. aegypti is the only
ompetent Zika vector, then risk of local establishment in north America is concentrated in Texas and Florida, with South and East
sia and Australia following closely. However, if Ae. albopictus is a competent vector of Zika, then there is increased risk of local
stablishment in much of Western Europe and the U.S., Canada, Chile, Australia, New Zealand, as well as South and East Asia. In

otal, the risk posed to each country is increased by at least a factor of three, when both species of mosquitoes are considered.

https://doi.org/10.1371/journal.pntd.0005487.g001
https://journals.plos.org/plosntds/article/figure/image?size=medium&id=info:doi/10.1371/journal.pntd.0005487.g001


2/12/2019 Vector status of Aedes species determines geographical risk of autochthonous Zika virus establishment

https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0005487 6/13

he destination cities at highest risk are similar across all scenarios, with Orlando, Fort Lauderdale, Houston, Bangkok and Hong
ong topping all lists. As the assumed role of Ae. albopictus increases across the scenarios, the risk posed to major cities in the
.S. such as New York City and Los Angeles increases, as does the risk to major cities in Western Europe, specifically Rome,
ondon, Paris and Amsterdam. When Ae. albopictus is considered an equal spreading vector, New York City becomes one of the

op five at risk destinations, outranking Houston. The high risk posed to cities in Florida, Houston and New York is predominately
ue to the recent establishment of Zika in Miami. In fact, the Miami-to-Houston travel route is ranked in the top ten of all travel
outes for Scenario A; however, it is replaced by the Miami-to-New York travel route for Scenario F. Within the U.S. our results are
lso consistent with those from [42]; both studies conclude Texas and Florida are at highest risk, specifically Miami, Orlando and
ouston. Increasingly, travel cases are being reported in almost all U.S. States, and other countries including Argentina, Chile,
rance, Italy, New Zealand [22], which are all identified to be at high risk by our model.

he more recent increased risk posed to cities in Asia is predominately due to the local establishment of Zika in Singapore.
ingapore is a global travel hub, with especially high connectivity to major cities throughout the Asia Pacific region, which also have
stablished populations of Aedes mosquitoes, and are prone to outbreaks of dengue and even some small outbreaks of Zika. For

his reason, cities in Thailand, Hong Kong, Indonesia, the Philippines, China, India, Taiwan, Vietnam and Malaysia are at high risk
f importation resulting in local outbreaks. In fact, in September 2016 the CDC issued a Zika travel notice to 11 Zika endemic
ountries in Southeast Asia after confirmed local outbreaks in the region, however, the actual risk posed to locals and travelers
emains unclear. Cities in Australia and New Zealand are similarly at increased risk due to the high travel connectivity with the Asia-
acific region. For the scenarios which consider additional risk posed by Ae. albopictus, Tokyo, Japan as well as multiple European
ities including Rome, London, Paris, Amsterdam, and Lisbon, and even San Francisco are identified to be at risk of local
stablishment. Of the 20 highest ranked cities in Scenario F, four are served by at least two major airports, including Tokyo, London,
aris, and New York, which partially contributes to their increased risk of Zika importation and establishment, as illustrated in Fig 1.
he destinations at highest risk of Zika importation should prepare and implement mosquito surveillance and control efforts, in order

o reduce the likelihood of local establishment, or, in those Southeast Asian cities where Zika is already endemic, the likelihood of
ew local outbreaks.

n additional means to control the spread of Zika is to conduct surveillance at the sources of travel to limit the number of outgoing
ases. However, it is unrealistic to implement control at every airport in a region affected by Zika. By having a better understanding
f the risk posed by individual airports and cities the available resources in a country can be optimally allocated. For all scenarios
ingapore is identified as the highest risk origin. This is again due to its highly connected and globally central location. Miami,
lorida, San Juan, Puerto Rico, and Cancun, Mexico are ranked second, third, and fourth in all scenarios, with Nadi, Fiji and
assau, Bahamas ranking 5th and 6th in scenarios A, B and C, and Sao Paulo, Brazil ranking 5th in Scenario D, E and F. This
utcome is of particular concern because many of these cities are highly popular tourist destinations for many U.S. and European
esidents. In order to prevent further global spread and establishment of Zika, it is imperative that these major travel destinations
et the local outbreaks under control.

In efforts to better understand the destination and origin rankings discussed previously, the city-level analysis was further
isaggregated to explicitly identify the travel routes carrying the highest risk of spreading Zika into new regions. This type of
nalysis allows for the specific incoming and outgoing flights which pose the highest risk to be identified and targeted for mosquito
urveillance and targeted passenger screening. As noted above, these route-level results are included in S3 and S4 Tables, for
cenario A and F only. For these two scenarios, six and eight of the highest risk routes originate in Singapore. When only Ae.
egypti is considered, six of the top ten highest risk routes depart Singapore for cities in south and east Asia, with the top one
rriving in Bangkok, followed by Hong Kong. Three of the top ten routes arrive in Florida, from either San Juan or Nassau, and the

ravel route between Miami and Houston is listed 10th. For Scenario F, eight of the top ten highest risk routes depart Singapore to
ities in Asia. The only two routes in the top ten list not departing Singapore are from San Juan to Orlando and Miami to New York.
hese routes align closely with the top origins and destinations discussed previously.

odel validation

s the Zika outbreak continues to progress, the number of countries with local transmission is increasing, and this was especially
he case during the first half of 2016. The results presented thus far serve as projected relative risk estimates for each city, and can
e used to identify the locations most likely to see imported cases followed by local outbreaks in the near future. However, in an
ttempt to evaluate the model’s ability to accurately identify the regions most likely to experience future outbreaks, as well as

identify the level of contribution of Ae. albopictus in the outbreak, we implemented the model using the state of the outbreak in
ebruary 15, 2016 (to define the set of high risk sources), and compared the model outcomes across all scenarios with the actual
et of regions later confirmed to be infected. (These earlier results were partially noted in [39]). In fact, all six scenarios ranked
iami, Florida as the top at-risk destination by a significant margin, and in late July, 2016 the first autochthonous Zika cycle in the
nited States was reported to have been established in the Miami, Florida region.

etween February 15th, 2016 and October 5, 2016 29 new counties or territories were added to the CDC list of confirmed affected
egions. These countries are listed in S5 Table. For each of the six scenarios considered, a country level ranking was computed by
ggregating the incoming risk across all cities in a given country, and ranking the countries accordingly. These country-level results

rom the back-testing are presented in S5 with their respective ranking, alongside the list of new countries added to the CDC list
uring that time. All six scenarios identified at least 15 of the 29 countries in their respective top ranked 29. However, Scenario A
utperformed the other five scenarios, with 21 of the top ranked 29 countries accounted for. As the assumed relative capacity of Ae.
lbopictus increased, the number of top ranked countries matching the 29 confirmed affected countries decreased. This result
uggest that Scenario A, which only accounts for Ae. aegypti presence, is the most accurate model for identifying the regions most

likely to experience local establishment in the future.

owever, it is important to recognize the discrepancy in the rankings across scenarios highlights an important factor; when
omparing the performance of the different scenarios it is important to distinguish between risk of importation and risk of local
stablishment, the later of which we are comparing the results with. In the five scenarios which account for the additional presence
f Ae. albopictus, an increasing number of countries identified as high risk (these are listed in S6 Table) are in more developed
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egions, compared with those countries identified by Scenario A. This discrepancy is because suitable habitats for Ae. albopictus
xpand much further north and south of the equator when compared with Ae. aegypti, therefore many cities in Europe, as well as
apan, Australia, New Zealand, and major cities in the northern U.S. are at substantially increased risk of Zika establishment only if
e. albopictus is a capable spreading vector. While these locations, critically, have established vector populations and have
xperienced a high number of imported cases [3], with the sole exception of Miami, they did not lead to local establishment, likely
ue to the resources available for local mosquito control and surveillance. Therefore, until the capacity, or lack there of, of Ae.
lbopictus is confirmed, the cities identified at highest risk in all Scenarios should continue to be subject to a high level of
urveillance.

inally, the country level risk predictions in [43] are also consistent with the outcomes of this study. After aggregating the city level
elative risks to the country level, the United States and Argentina were identified to be at highest risk in the present study. Nah et.
l. [43] (who excluded the U.S.) also identified Argentina to be at highest risk of Zika importation, followed by Portugal, Uruguay,
pain, and Peru, which are also among our top ranked countries across the scenarios. While many of the same countries were

identified to be at high risk by both models, discrepancies in the rankings exists for various reasons. Firstly, Nah et. al. [43]
stimated the risks of importation and local transmission separately, while our model combines the two within a single risk modeling

ramework. Secondly, the present study was conducted at a later state in the outbreak when more countries were confirmed to have
local transmission; these countries are listed in [43] as at-risk of importation, while in the present study they are considered to pose

dditional risk. Additionally, the present study is conducted at the city level instead of the country level, and due to the more
patially disaggregate analysis, the results can not be directly compared. Although the methodologies vary substantially between
hese studies, the consistency among the model results serves to further validate the present study.

he preliminary findings did not identify the Federated States of Micronesia or the Marshall Islands as high at-risk destinations of
ny rank, which highlights one of the potential limitations of this analysis that will be explicitly discussed below.

imitations

his work takes a major step towards improving our understanding of the spreading risk posed by Zika, however there are six
limitations of this analysis, including persistent uncertainties regarding epidemiological parameter estimates, which must be noted

ere and addressed in future research:

1. The back-testing showed that the preliminary finding based on the methodology used in this analysis failed to identify two apparently high risk destinations: the
Federated States of Micronesia and the Marshall Islands. The reason for this is a limitation in the available travel data; airports in these countries had no
incoming travel from regions with confirmed local cases. One possible explanation for this is that infected travelers’ itineraries are not fully captured in the data
set, i.e., they had separate bookings so records of their complete travel history were absent. Such cases could include a traveler who holidayed in Brazil and
became infected with Zika, then traveled to California for a few days on one booking, and then traveled to the Marshall Islands on a separate booking. While
this passenger clearly represents a risk to the Marshall Islands, the incomplete travel data limits the ability of the model to identify this traveler as a potential
source of infection. Real time mobility data from telecoms which tracks individuals over time is one possible means to address this issue. Another possible
explanation for the discrepancy is incorrect epidemiological data, i.e., the travel origin (of the individuals who introduced Zika into New Caledonia or Marshall
Islands) was actually an affected region which had not yet been recognized as a source risk.

2. A second recognized limitation of this analysis is due to the lack of even more recent travel data. Over the last year global air travel increased on average at a
steady rate, however certain regions of the world have grown faster than others [58]. Specifically, Latin America, Asia-Pacific and Middle East regions have
seen a slightly higher than average increases in air travel volumes. Furthermore, the computed risk in the analysis is systematically underestimated because
flights originating in other areas historically endemic for Zika that are not currently reporting local transmission are not taken into account.

3. Zika could be efficiently spread by mosquito species other than Ae. aegypti and even Ae. albopictus. Ayres [59] has recently pointed out that the virus has
been collected from at least ten mosquito species from the genus Aedes, as well as from species from the genera Anopheles, Culex, and Mansonia, while
Aliota et. al. [60] confirmed neither Culex pipiens or Ae. triseriatus mosquitoes are competent Zika virus vectors. However, the presence of the virus does not
automatically make the species an efficient vector for the disease. The risk analysis strategy that has been used in this analysis can be extended to take these
details into account as shown by the risk maps for malaria in Africa produced by Moffett et al [49]. As this analysis underscores for Ae. albopictus, relative
vector competence has a substantial impact on the geographic risk profile, and further research into the parameters relevant to determining vector
competencies is still necessary for Zika transmission.

4. This study accounts for a single mode of inter-regional travel, passenger air trips. Global geographical spread is delimited by travel almost entirely, and air
travel captures the vast majority of long distance trips. However, shorter distance trips, especially over land, can be made using alternative travel modes such
as car and bus, which are excluded from this study. Therefore, the results from this analysis likely underestimate the risk posed to destinations in close spatial
proximity to affected regions. An example of this is Cameron County in Texas, where local cases have been confirmed. This county shares a border with
Mexico, and there are high volumes of road travel between the two. To accurately capture multi-modal human mobility patterns either requires data from
multiple transport sources, or data which is not linked to any specific transport mode, such as mobile phone data, which as noted previously, offers significant
potential in modeling and predicting epidemic spreading risk.

5. In this study outbreak size is not explicitly accounted for at the set of sources, and is instead treated as a binary variable, i.e., local transmission is either
present or not. This can potentially lead to biases in the model, especially against countries that have substantially high travel volumes, but smaller outbreaks.
In such a case the risk posed would be overestimated. This proposed risk analysis could easily be adapted to incorporate outbreak size in terms of cases,
however, accurately estimating the number of cases in a given city at a given time at the global scale is, at this point, an unrealistic option. However, this would
be a substantially useful data set were the proper public health authority to provide it, and could increase the accuracy of the model predictions.

6. Finally, this analysis ignores the role of potential spreading mechanisms other than human-to-human transmission mediated through a mosquito vector. In
addition to the traditional spreading risk posed by mosquito populations, new potential spreading mechanisms have recently emerged for Zika. There have
been several verified and potential documented cases of sexual transmission of Zika [61–63]. The virus has also been detected in the saliva [64] and urine
[65] of infected individuals, and vertical cases of transmission have been documented in the Pacific Islands [17]. The Zika virus has also been found in non-
human primates, suggesting the possibility of maintenance and spread through alternative animal hosts [4, 33, 66–70]. While local establishment may depend
on a variety of factors, vector habitat suitability will play a predominant role even though there may be other modes of transmission. Nonetheless, further
research is necessary to understand if and where these potential modes of transmission are a factor in the local spreading risk of Zika. How such factors will
necessitate modification of this risk analysis remains to be seen.
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1.

onclusions

esults from this analysis highlight the substantial geographic and quantitative increase in global risk posed as a function of the
elative capacity of Ae. albopictus as a secondary spreading vector of Zika, and reveal the set of cities at greatest risk of Zika

importation and establishment. The results from the back-testing suggest that the geographic spread of Zika is driven primarily by
e. aegypti, which is consistent with other studies [30–32]. However, the results from the different scenarios also highlight the

increased risk posed to new parts of the world, specifically the U.S. and Europe, if Ae. albopictus were to become a more capable
preading vector. To control the spread of Zika geographically, local surveillance and control efforts are required in both known
ffected regions and at-risk regions yet to report cases. This is true for locations with reported travel-imported cases that have yet

o see locally established cases.

s the Zika outbreak continues to spread internationally, so does the uncertainty surrounding the local transmission mechanisms
nd clinical manifestations of the disease. The possibility of direct human-to-human Zika transmission demands further immediate

investigation, and the link between Zika and microcephaly and GBS are of vital concern. Lastly, the uncertainty associated with Zika
isk is further compounded based on the implications from the analysis presented here which shows that the vector competence of
e. albopictus relative to Ae. aegypti demands further investigation. This goal can only be achieved through a combination of field
tudies to collect a representative variety of strains of these vectors followed by laboratory studies of virus transmission.

upporting information
1 Table. Top 100 Destination Cities at Risk under all Scenarios.
ttps://doi.org/10.1371/journal.pntd.0005487.s001
PDF)

2 Table. Top 100 Origin Cities Posing Risk under all Scenarios.
ttps://doi.org/10.1371/journal.pntd.0005487.s002
PDF)

3 Table. Top 100 High Risk Travel Routes under Scenario A.
ttps://doi.org/10.1371/journal.pntd.0005487.s003
PDF)

4 Table. Top 100 High Risk Travel Routes under Scenario D.
ttps://doi.org/10.1371/journal.pntd.0005487.s004
PDF)

5 Table. Set of Countries with local Zika transmission confirmed between February 15 and October 5 and relative ranking by Scenario.
ttps://doi.org/10.1371/journal.pntd.0005487.s005
PDF)

6 Table. Top 29 Countries identified at greatest risk by each scenario based on outbreak status as of February 15, 2016.
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PDF)

uthor Contributions
Conceptualization: LG SS.

Data curation: LG SS NC.

Formal analysis: LG SS NC.

Investigation: LG SS NC.

Methodology: LG SS.

Project administration: LG SS.

Resources: LG SS.

Software: LG SS NC.

Supervision: LG SS.

Validation: LG SS NC.

Visualization: LG SS NC.

Writing – original draft: LG SS.

Writing – review & editing: LG SS.

eferences
PAHO. Zika cases and congenital syndrome associated with Zika virus reported by countries and territories in the Americas, 2015–2016 Cumulative
Cases. [Web Page]. Washington DC: World Health Organization, Pan American Health Organization; 2016. Available from:
http://www.paho.org/hq/index.php?option=com_docman&task=doc_view&Itemid=270&gid=37495&lang=en.

https://journals.plos.org/plosntds/article/file?type=supplementary&id=info:doi/10.1371/journal.pntd.0005487.s001
https://doi.org/10.1371/journal.pntd.0005487.s001
https://journals.plos.org/plosntds/article/file?type=supplementary&id=info:doi/10.1371/journal.pntd.0005487.s002
https://doi.org/10.1371/journal.pntd.0005487.s002
https://journals.plos.org/plosntds/article/file?type=supplementary&id=info:doi/10.1371/journal.pntd.0005487.s003
https://doi.org/10.1371/journal.pntd.0005487.s003
https://journals.plos.org/plosntds/article/file?type=supplementary&id=info:doi/10.1371/journal.pntd.0005487.s004
https://doi.org/10.1371/journal.pntd.0005487.s004
https://journals.plos.org/plosntds/article/file?type=supplementary&id=info:doi/10.1371/journal.pntd.0005487.s005
https://doi.org/10.1371/journal.pntd.0005487.s005
https://journals.plos.org/plosntds/article/file?type=supplementary&id=info:doi/10.1371/journal.pntd.0005487.s006
https://doi.org/10.1371/journal.pntd.0005487.s006
http://www.paho.org/hq/index.php?option=com_docman&task=doc_view&Itemid=270&gid=37495&lang=en


2/12/2019 Vector status of Aedes species determines geographical risk of autochthonous Zika virus establishment

https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0005487 9/13

2.

3.

4.

View Article PubMed/NCBI Google Scholar

5.

View Article PubMed/NCBI Google Scholar

6.

View Article PubMed/NCBI Google Scholar

7.

View Article PubMed/NCBI Google Scholar

8.

View Article PubMed/NCBI Google Scholar

9.

View Article PubMed/NCBI Google Scholar

10.

View Article PubMed/NCBI Google Scholar

11.

View Article PubMed/NCBI Google Scholar

12.

View Article PubMed/NCBI Google Scholar

13.

View Article PubMed/NCBI Google Scholar

14.

View Article PubMed/NCBI Google Scholar

15.

View Article PubMed/NCBI Google Scholar

16.

View Article PubMed/NCBI Google Scholar

World Health Organization (WHO). WHO Situation Report: Zika Virus, Microcephaly and Guillain-Barre Syndrome [Web Page]; 2016. Available from:
http://apps.who.int/iris/bitstream/10665/204454/1/zikasitrep_19Feb2016_eng.pdf?ua=1.

Centers for Disease Control and Prevention (CDC). Areas with Zika [Web Page]; 2016. Available from: http://www.cdc.gov/zika/geo/.

Kirya BG, Okia NO. A yellow fever epizootic in Zika Forest, Uganda, during 1972: Part 2: Monkey serology [Journal Article]. Trans R Soc Trop Med Hyg.
1977;71(4):300–3. pmid:413216

Dick GWA. Zika virus (II). Pathogenicity and physical properties [Journal Article]. Transactions of the Royal Society of Tropical Medicine and Hygiene.
1952;46(5):521–534. Available from: http://www.sciencedirect.com/science/article/pii/0035920352900436
http://trstmh.oxfordjournals.org/content/46/5/521.full.pdf. pmid:12995441

Duffy MR, Chen TH, Hancock WT, Powers AM, Kool JL, Lanciotti RS, et al. Zika Virus Outbreak on Yap Island, Federated States of Micronesia [Journal
Article]. New England Journal of Medicine. 2009;360(24):2536–2543. Available from: http://www.nejm.org/doi/full/10.1056/NEJMoa0805715
http://www.nejm.org/doi/pdf/10.1056/NEJMoa0805715. pmid:19516034

Lanciotti RS, Kosoy OL, Laven JJ, Velez JO, Lambert AJ, Johnson AJ, et al. Genetic and serologic properties of Zika virus associated with an epidemic,
Yap State, Micronesia, 2007 [Journal Article]. Emerg Infect Dis. 2008;14(8):1232–9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/18680646.
pmid:18680646

Lanciotti R, Lambert A, Holodniy M, Saavedra S, del Carmen Castillo Signor L. Phylogeny of Zika virus in Western Hemisphere [Journal Article]. Emerg
Infect Dis. 2015;22(5). Available from: http://dx.doi.org/10.3201/eid2205.160065. pmid:27088323

Ioos S, Mallet HP, Leparc Goffart I, Gauthier V, Cardoso T, Herida M. Current Zika virus epidemiology and recent epidemics [Journal Article]. Medecine et
Maladies Infectieuses. 2014;44(7):302–307. Available from: http://www.scopus.com/inward/record.url?eid=2-s2.0-
84905560476&partnerID=40&md5=ebf2332cc397b14c8662455204ccffff http://ac.els-cdn.com/S0399077X14001085/1-s2.0-S0399077X14001085-
main.pdf?_tid=b323a2b4-c89a-11e5-ae67-00000aab0f02&acdnat=1454300426_9c1de7f7c5fac1269aecf6754c52c641. pmid:25001879

Wæhre T, Maagard A, Tappe D, Cadar D, Schmidt-Chanasit J. Zika virus infection after travel to Tahiti, December 2013 [Letter]. Emerg Infect Dis.
2013;20(8). Available from: http://dx.doi.org/10.3201/eid2008.140302. pmid:25062427

Kutsuna S, Kato Y, Takasaki T, Moi M, Kotaki A, Uemura H, et al. Two cases of Zika fever imported from French Polynesia to Japan, December 2013 to
January 2014 [Journal Article]. Euro Surveillance. 2014;18(4):pii = 20683. Available from: http://dx.doi.org/10.2807/1560-7917.ES2014.19.4.20683.
pmid:24507466

Tappe D, Rissland J, Gabriel M, Emmerich P, Günther S, Held G, et al. First case of laboratory-confirmed Zika virus infection imported into Europe,
November 2013 [Jourbal Article]. Euro Surveill. 2014;19(4):pii = 20685. Available from: http://dx.doi.org/10.2807/1560-7917.ES2014.19.4.20685.
pmid:24507467

Hennessey M, Fischer M, Staples JE. Zika Virus Spreads to New Areas—Region of the Americas, May 2015-January 2016 [Journal Article]. MMWR Morb
Mortal Wkly Rep. 2016;65(3):55–8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26820163. pmid:26820163

Faria N, Azevedo R, Kraemer M, Souza R, Cunha M, Hill S, et al. Zika virus in the Americas: Early epidemiological and genetic findings. Science.
2016;Available from: http://science.sciencemag.org/content/early/2016/03/23/science.aaf5036. pmid:27013429

Schuler-Faccini L, Ribeiro EM, Feitosa IM, Horovitz DD, Cavalcanti DP, Pessoa A, et al. Possible Association Between Zika Virus Infection and
Microcephaly—Brazil, 2015 [Journal Article]. MMWR Morb Mortal Wkly Rep. 2016;65(3):59–62. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/26820244. pmid:26820244

Oliveira Melo AS, Malinger G, Ximenes R, Szejnfeld PO, Alves Sampaio S, Bispo De Filippis AM. Zika virus intrauterine infection causes fetal brain
abnormality and microcephaly: Tip of the iceberg? [Journal Article]. Ultrasound in Obstetrics and Gynecology. 2016;47(1):6–7. Available from:
http://www.scopus.com/inward/record.url?eid=2-s2.0-84953438883&partnerID=40&md5=dcab9711b98527f38a0295a4edba1511
http://onlinelibrary.wiley.com/store/10.1002/uog.15831/asset/uog15831.pdf?v=1&t=ik3gxg9w&s=31aea1be19011de0f4e5d84eeccaade4a2e7e576.
pmid:26731034

https://doi.org/10.1016/0035-9203(77)90104-3
http://www.ncbi.nlm.nih.gov/pubmed/413216
http://scholar.google.com/scholar?q=A+yellow+fever+epizootic+in+Zika+Forest%2C+Uganda%2C+during+1972%3A+Part+2%3A+Monkey+serology+Kirya+1977
http://www.ncbi.nlm.nih.gov/pubmed/12995441
http://scholar.google.com/scholar?q=Zika+virus+%28II%29.+Pathogenicity+and+physical+properties+Dick+1952
http://www.ncbi.nlm.nih.gov/pubmed/19516034
http://scholar.google.com/scholar?q=Zika+Virus+Outbreak+on+Yap+Island%2C+Federated+States+of+Micronesia+Duffy+2009
http://www.ncbi.nlm.nih.gov/pubmed/18680646
http://scholar.google.com/scholar?q=Genetic+and+serologic+properties+of+Zika+virus+associated+with+an+epidemic%2C+Yap+State%2C+Micronesia%2C+2007+Lanciotti+2008
http://www.ncbi.nlm.nih.gov/pubmed/27088323
http://scholar.google.com/scholar?q=Phylogeny+of+Zika+virus+in+Western+Hemisphere+Lanciotti+2015
http://www.ncbi.nlm.nih.gov/pubmed/25001879
http://scholar.google.com/scholar?q=Current+Zika+virus+epidemiology+and+recent+epidemics+Ioos+2014
http://www.ncbi.nlm.nih.gov/pubmed/25062427
http://scholar.google.com/scholar?q=Zika+virus+infection+after+travel+to+Tahiti%2C+December+2013+W%C3%A6hre+2013
http://www.ncbi.nlm.nih.gov/pubmed/24507466
http://scholar.google.com/scholar?q=Two+cases+of+Zika+fever+imported+from+French+Polynesia+to+Japan%2C+December+2013+to+January+2014+Kutsuna+2014
http://www.ncbi.nlm.nih.gov/pubmed/24507467
http://scholar.google.com/scholar?q=First+case+of+laboratory-confirmed+Zika+virus+infection+imported+into+Europe%2C+November+2013+Tappe+2014
http://www.ncbi.nlm.nih.gov/pubmed/26820163
http://scholar.google.com/scholar?q=Zika+Virus+Spreads+to+New+Areas%E2%80%94Region+of+the+Americas%2C+May+2015-January+2016+Hennessey+2016
http://www.ncbi.nlm.nih.gov/pubmed/27013429
http://scholar.google.com/scholar?q=Zika+virus+in+the+Americas%3A+Early+epidemiological+and+genetic+findings+Faria+2016
http://www.ncbi.nlm.nih.gov/pubmed/26820244
http://scholar.google.com/scholar?q=Possible+Association+Between+Zika+Virus+Infection+and+Microcephaly%E2%80%94Brazil%2C+2015+Schuler-Faccini+2016
http://www.ncbi.nlm.nih.gov/pubmed/26731034
http://scholar.google.com/scholar?q=Zika+virus+intrauterine+infection+causes+fetal+brain+abnormality+and+microcephaly%3A+Tip+of+the+iceberg%3F+Oliveira+Melo+2016
http://apps.who.int/iris/bitstream/10665/204454/1/zikasitrep_19Feb2016_eng.pdf?ua=1
http://www.cdc.gov/zika/geo/
http://www.sciencedirect.com/science/article/pii/0035920352900436
http://trstmh.oxfordjournals.org/content/46/5/521.full.pdf
http://www.nejm.org/doi/full/10.1056/NEJMoa0805715
http://www.nejm.org/doi/pdf/10.1056/NEJMoa0805715
http://www.ncbi.nlm.nih.gov/pubmed/18680646
http://dx.doi.org/10.3201/eid2205.160065
http://www.scopus.com/inward/record.url?eid=2-s2.0-84905560476&partnerID=40&md5=ebf2332cc397b14c8662455204ccffff
http://ac.els-cdn.com/S0399077X14001085/1-s2.0-S0399077X14001085-main.pdf?_tid=b323a2b4-c89a-11e5-ae67-00000aab0f02&acdnat=1454300426_9c1de7f7c5fac1269aecf6754c52c641
http://dx.doi.org/10.3201/eid2008.140302
http://dx.doi.org/10.2807/1560-7917.ES2014.19.4.20683
http://dx.doi.org/10.2807/1560-7917.ES2014.19.4.20685
http://www.ncbi.nlm.nih.gov/pubmed/26820163
http://science.sciencemag.org/content/early/2016/03/23/science.aaf5036
http://www.ncbi.nlm.nih.gov/pubmed/26820244
http://www.scopus.com/inward/record.url?eid=2-s2.0-84953438883&partnerID=40&md5=dcab9711b98527f38a0295a4edba1511
http://onlinelibrary.wiley.com/store/10.1002/uog.15831/asset/uog15831.pdf?v=1&t=ik3gxg9w&s=31aea1be19011de0f4e5d84eeccaade4a2e7e576


2/12/2019 Vector status of Aedes species determines geographical risk of autochthonous Zika virus establishment

https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0005487 10/13

17.

View Article PubMed/NCBI Google Scholar

18.

19.

View Article Google Scholar

20.

View Article PubMed/NCBI Google Scholar

21.

View Article PubMed/NCBI Google Scholar

22.

23.

View Article PubMed/NCBI Google Scholar

24.

25.

View Article PubMed/NCBI Google Scholar

26.

View Article PubMed/NCBI Google Scholar

27.

View Article PubMed/NCBI Google Scholar

28.

View Article PubMed/NCBI Google Scholar

29.

View Article Google Scholar

30.

31.

32.

View Article PubMed/NCBI Google Scholar

33.

Besnard M, Lastere S, Teissier A, Cao-Lormeau V, Musso D. Evidence of perinatal transmission of Zika virus, French Polynesia, December 2013 and
February 2014 [Journal Article]. Euro Surveill. 2014;19(13). pmid:24721538

PAHO. Epidemiological alert. Increase in microcephaly in the northeast of Brazil—epidemiological alert. [Web Page]. Washington DC: World Health
Organization, Pan American Health Organization; 2015. Available from: http://www.paho.org/hq/index.php?
option=com_docman&task=doc_view&Itemid=270&gid=32636&lang=en.

Driggers RW, Ho CY, Korhonen EM, Kuivanen S, Jääskeläinen AJ, Smura T, et al. Zika Virus Infection with Prolonged Maternal Viremia and Fetal Brain
Abnormalities. New England Journal of Medicine. 0;0(0):null. Available from: http://dx.doi.org/10.1056/NEJMoa1601824.

Nowakowski TJ, Pollen AA, Di Lullo E, Sandoval-Espinosa C, Bershteyn M, Kriegstein AR. Expression Analysis Highlights AXL as a Candidate Zika Virus
Entry Receptor in Neural Stem Cells [Journal Article]. Cell Stem Cell. 2016;Available from: http://www.cell.com/cell-stem-cell/fulltext/S1934-
5909(16)00118-1. pmid:27038591

Besnard M, Eyrolle-Guignot D, Guillemette-Artur P, Lastère S, Bost-Bezeaud F, Marcelis L, et al. Congenital Cerebral Malformations And Dysfunction In
Fetuses And Newborns Following The 2013 To 2014 Zika Virus Epidemic In French Polynesia [Journal Article]. Euro Surveill. 2016;21(13).
pmid:27063794

World Health Organization (WHO). WHO Situation Report: Zika Virus, Microcephaly and Guillain-Barre Syndrome [Web Page]; 2016. Available from:
http://apps.who.int/iris/bitstream/10665/204961/1/zikasitrep_7Apr2016_eng.pdf?ua=1.

Oehler E, Watrin L, Larre P, Leparc-Goffart I, Lastere S, Valour F, et al. Zika virus infection complicated by Guillain-Barre syndrome–case report, French
Polynesia, December 2013 [Journal Article]. Euro Surveill. 2014;19(9). pmid:24626205

World Health Organization (WHO). WHO statement on the first meeting of the International Health Regulations (2005) (IHR 2005) Emergency Committee
on Zika virus and observed increase in neurological disorders and neonatal malformations [Web Page]; 2016. Available from:
http://www.who.int/mediacentre/news/statements/2016/1st-emergency-committee-zika/en/.

Wilder-Smith A, Gubler DJ. Geographic Expansion of Dengue: The Impact of International Travel. Medical Clinics of North America. 2008;92:1377–1390.
pmid:19061757

Li MI, Wong PS, Ng LC, Tan CH. Oral susceptibility of Singapore Aedes (Stegomyia) aegypti (Linnaeus) to Zika virus [Journal Article]. PLoS Negl Trop
Dis. 2012;6(8):e1792. pmid:22953014

Diagne CT, Diallo D, Faye O, Ba Y, Faye O, Gaye A, et al. Potential of selected Senegalese Aedes spp. mosquitoes (Diptera: Culicidae) to transmit Zika
virus [Journal Article]. BMC Infect Dis. 2015;15(492). pmid:26527535

Boorman JPT, Porterfield JS. A simple technique for infection of mosquitoes with viruses transmission of zika virus [Journal Article]. Transactions of the
Royal Society of Tropical Medicine and Hygiene. 1956;50(3):238–242. pmid:13337908

Guerbois M, Fernandez-Salas I, Azar SR, DanisLozano R, Alpuche-Aranda CM, Leal G, et al. Outbreak of Zika virus infection, Chiapas State, Mexico,
2015, and first confirmed transmission by Aedes aegypti mosquitoes in the Americas [Journal Article]. Journal of Infectious Diseases (Advance Access).
2016;Available from: http://jid.oxfordjournals.org/content/early/2016/07/18/infdis.jiw302.full.pdf+html.

World Health Organization (WHO). Zika Virus Technical Report. Interim Risk Assessment WHO European Region [Web Page]; 2016. Available from:
http://www.euro.who.int/__data/assets/pdf_file/0003/309981/Zika-Virus-Technical-report.pdf.

World Health Organization (WHO). Zika virus vectors and risk of spread in the WHO European Region [Web Page]; 2016. Available from:
http://www.euro.who.int/__data/assets/pdf_file/0007/304459/WEB-news_competence-of-Aedes-aegypti-and-albopictus-vector-species.pdf.

Olson JG, Ksiazek TG, Suhandiman , Triwibowo . Zika virus, a cause of fever in Central Java, Indonesia [Journal Article]. Transactions of the Royal
Society of Tropical Medicine and Hygiene. 1981;75(3):389–393. Available from: http://trstmh.oxfordjournals.org/content/75/3/389.full.pdf. pmid:6275577

Grard G, Caron M, Mombo IM, Nkoghe D, Mboui Ondo S, Jiolle D, et al. Zika virus in Gabon (Central Africa)–2007: a new threat from Aedes albopictus?
[Journal Article]. PLoS Negl Trop Dis. 2014;8(2):e2681. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24516683

https://doi.org/10.2807/1560-7917.ES2014.19.13.20751
http://www.ncbi.nlm.nih.gov/pubmed/24721538
http://scholar.google.com/scholar?q=Evidence+of+perinatal+transmission+of+Zika+virus%2C+French+Polynesia%2C+December+2013+and+February+2014+Besnard+2014
http://scholar.google.com/scholar?q=Zika+Virus+Infection+with+Prolonged+Maternal+Viremia+and+Fetal+Brain+Abnormalities+Driggers+
http://www.ncbi.nlm.nih.gov/pubmed/27038591
http://scholar.google.com/scholar?q=Expression+Analysis+Highlights+AXL+as+a+Candidate+Zika+Virus+Entry+Receptor+in+Neural+Stem+Cells+Nowakowski+2016
https://doi.org/10.2807/1560-7917.ES.2016.21.13.30181
http://www.ncbi.nlm.nih.gov/pubmed/27063794
http://scholar.google.com/scholar?q=Congenital+Cerebral+Malformations+And+Dysfunction+In+Fetuses+And+Newborns+Following+The+2013+To+2014+Zika+Virus+Epidemic+In+French+Polynesia+Besnard+2016
https://doi.org/10.2807/1560-7917.ES2014.19.9.20720
http://www.ncbi.nlm.nih.gov/pubmed/24626205
http://scholar.google.com/scholar?q=Zika+virus+infection+complicated+by+Guillain-Barre+syndrome%E2%80%93case+report%2C+French+Polynesia%2C+December+2013+Oehler+2014
https://doi.org/10.1016/j.mcna.2008.07.002
http://www.ncbi.nlm.nih.gov/pubmed/19061757
http://scholar.google.com/scholar?q=Geographic+Expansion+of+Dengue%3A+The+Impact+of+International+Travel+Wilder-Smith+2008
https://doi.org/10.1371/journal.pntd.0001792
http://www.ncbi.nlm.nih.gov/pubmed/22953014
http://scholar.google.com/scholar?q=Oral+susceptibility+of+Singapore+Aedes+%28Stegomyia%29+aegypti+%28Linnaeus%29+to+Zika+virus+Li+2012
https://doi.org/10.1186/s12879-015-1231-2
http://www.ncbi.nlm.nih.gov/pubmed/26527535
http://scholar.google.com/scholar?q=Potential+of+selected+Senegalese+Aedes+spp.+mosquitoes+%28Diptera%3A+Culicidae%29+to+transmit+Zika+virus+Diagne+2015
https://doi.org/10.1016/0035-9203(56)90029-3
http://www.ncbi.nlm.nih.gov/pubmed/13337908
http://scholar.google.com/scholar?q=A+simple+technique+for+infection+of+mosquitoes+with+viruses+transmission+of+zika+virus+Boorman+1956
http://scholar.google.com/scholar?q=Outbreak+of+Zika+virus+infection%2C+Chiapas+State%2C+Mexico%2C+2015%2C+and+first+confirmed+transmission+by+Aedes+aegypti+mosquitoes+in+the+Americas+Guerbois+2016
http://www.ncbi.nlm.nih.gov/pubmed/6275577
http://scholar.google.com/scholar?q=Zika+virus%2C+a+cause+of+fever+in+Central+Java%2C+Indonesia+Olson+1981
http://www.paho.org/hq/index.php?option=com_docman&task=doc_view&Itemid=270&gid=32636&lang=en
http://dx.doi.org/10.1056/NEJMoa1601824
http://www.cell.com/cell-stem-cell/fulltext/S1934-5909(16)00118-1
http://apps.who.int/iris/bitstream/10665/204961/1/zikasitrep_7Apr2016_eng.pdf?ua=1
http://www.who.int/mediacentre/news/statements/2016/1st-emergency-committee-zika/en/
http://jid.oxfordjournals.org/content/early/2016/07/18/infdis.jiw302.full.pdf+html
http://www.euro.who.int/__data/assets/pdf_file/0003/309981/Zika-Virus-Technical-report.pdf
http://www.euro.who.int/__data/assets/pdf_file/0007/304459/WEB-news_competence-of-Aedes-aegypti-and-albopictus-vector-species.pdf
http://trstmh.oxfordjournals.org/content/75/3/389.full.pdf
http://www.ncbi.nlm.nih.gov/pubmed/24516683


2/12/2019 Vector status of Aedes species determines geographical risk of autochthonous Zika virus establishment

https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0005487 11/13

View Article PubMed/NCBI Google Scholar

34.

View Article PubMed/NCBI Google Scholar

35.

View Article PubMed/NCBI Google Scholar

36.

View Article PubMed/NCBI Google Scholar

37.

View Article PubMed/NCBI Google Scholar

38.

View Article PubMed/NCBI Google Scholar

39.

View Article PubMed/NCBI Google Scholar

40.

View Article PubMed/NCBI Google Scholar

41.

View Article PubMed/NCBI Google Scholar

42.

View Article PubMed/NCBI Google Scholar

43.

View Article PubMed/NCBI Google Scholar

44.

45.

View Article PubMed/NCBI Google Scholar

46.

View Article PubMed/NCBI Google Scholar

47.

View Article Google Scholar

48.

View Article PubMed/NCBI Google Scholar

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3916288/pdf/pntd.0002681.pdf. pmid:24516683

Wong PS, Li MZ, Chong CS, Ng LC, Tan CH. Aedes (Stegomyia) albopictus (Skuse): a potential vector of Zika virus in Singapore [Journal Article]. PLoS
Negl Trop Dis. 2013;7(8):e2348. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23936579
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3731215/pdf/pntd.0002348.pdf. pmid:23936579

Jupille H, Seixas G, Mousson L, Sousa C, Failloux AB. Zika virus, a new threat for Europe? bioRxiv. 2016;Available from:
http://biorxiv.org/content/early/2016/04/13/048454. pmid:27505002

Chouin-Carneiro T, Vega-Rua A, Vazeille M, Yebakima A, Girod R, Goindin D. Differential Susceptibilities of Aedes aegypti and Aedes albopictus from the
Americas to Zika Virus [article]. PLoS Negl Trop Dis. 2016;10(3):e0004543. pmid:26938868

Tsetsarkin K, Vanlandingham D, McGee C, Higgs S. A single mutation in chikungunya virus affects vector specificity and epidemic potential [Jourbal
Article]. PLoS Pathog. 2007;3(e201). Available from: http://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.0030201. pmid:18069894

Vazeille M, Moutailler S, Coudrier D, Rousseaux C, Khun H, Huerre M, et al. Two Chikungunya isolates from the outbreak of La Reunion (Indian Ocean)
exhibit different patterns of infection in the mosquito, Aedes albopictus [Jourbal Article]. PLoS One. 2007;2(e1168). Available from:
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0001168. pmid:18000540

Gardner L, Chen N, Sarkar S. Global risk of Zika virus depends critically on vector status of Aedes albopictus [Correspondence]. The Lancet Infectious
Diseases. 2016;. pmid:26997578

Bogoch II, Brady OJ, Kraemer MUG, German M, Creatore MI, Kulkarni MA, et al. Anticipating the international spread of Zika virus from Brazil [Journal
Article]. The Lancet. 2015;Export Date: 5 February 2016 Article in Press. pmid:26777915

Bogoch II, Brady OJ, Kraemer MUG, German M, Creatore MI, Brent S, et al. Potential for Zika virus introduction and transmission in resource-limited
countries in Africa and the Asia-Pacific region: a modelling study [Journal Article]. The Lancet Infectious Diseases. 2016;16(11):1237–1245.
pmid:27593584

Monaghan A, Morin C, Steinhoff D, Wilhelmi O, Hayden M, Quattrochi D, et al. On the Seasonal Occurrence and Abundance of the Zika Virus Vector
Mosquito Aedes Aegypti in the Contiguous United States [Journal Article]. PLOS Currents Outbreaks. 2016;Available from:
http://currents.plos.org/outbreaks/article/on-the-seasonal-occurrence-and-abundance-of-the-zika-virus-vector-mosquito-aedes-aegypti-in-the-contiguous-
united-states/. pmid:27066299

Nah K, Mizumoto K, Miyamatsu Y, Yasuda Y, Kinoshita R, N H. Estimating risks of importation and local transmission of Zika virus infection [Journal
Article]. PeerJ. 2016;4(e1904). Available from: https://peerj.com/articles/1904/. pmid:27069825

MoH. Ministry of Health Singapore: Zika; 2016. Available from: https://www.moh.gov.sg/content/moh_web/home/diseases_and_conditions/z/zika.html.

Gardner L, Fajardo D, Waller ST, Wang O, Sarkar S. A Predictive Spatial Model to Quantify the Risk of Air-Travel-Associated Dengue Importation into the
United States and Europe [Journal Article]. Journal of tropical medicine. 2012;2012. pmid:22523497

Gardner L, Sarkar S. A Global Airport-Based Risk Model for the Spread of Dengue Infection via the Air Transport Network [Journal Article]. PloS one.
2013;8(8):e72129. pmid:24009672

Gardner L, Sarkar S. Risk of dengue spread from the Philippines through international air travel [Journal Article]. Transportation Research Record: Journal
of the Transportation Research Board. 2015;2501(2501):25–30.

González C, Wang O, Strutz SE, González-Salazar C, Sánchez-Cordero V, Sarkar S. Climate Change and Risk of Leishmaniasis in North America:
Predictions from Ecological Niche Models of Vector and Reservoir Species [Journal Article]. PLoS Neglected Tropical Diseases. 2010;4(1):e585. Available
from: http://dx.doi.org/10.1371%2Fjournal.pntd.0000585. pmid:20098495

http://www.ncbi.nlm.nih.gov/pubmed/24516683
http://scholar.google.com/scholar?q=Zika+virus+in+Gabon+%28Central+Africa%29%E2%80%932007%3A+a+new+threat+from+Aedes+albopictus%3F+Grard+2014
http://www.ncbi.nlm.nih.gov/pubmed/23936579
http://scholar.google.com/scholar?q=Aedes+%28Stegomyia%29+albopictus+%28Skuse%29%3A+a+potential+vector+of+Zika+virus+in+Singapore+Wong+2013
http://www.ncbi.nlm.nih.gov/pubmed/27505002
http://scholar.google.com/scholar?q=Zika+virus%2C+a+new+threat+for+Europe%3F+Jupille+2016
https://doi.org/10.1371/journal.pntd.0004543
http://www.ncbi.nlm.nih.gov/pubmed/26938868
http://scholar.google.com/scholar?q=Differential+Susceptibilities+of+Aedes+aegypti+and+Aedes+albopictus+from+the+Americas+to+Zika+Virus+Chouin-Carneiro+2016
http://www.ncbi.nlm.nih.gov/pubmed/18069894
http://scholar.google.com/scholar?q=A+single+mutation+in+chikungunya+virus+affects+vector+specificity+and+epidemic+potential+Tsetsarkin+2007
http://www.ncbi.nlm.nih.gov/pubmed/18000540
http://scholar.google.com/scholar?q=Two+Chikungunya+isolates+from+the+outbreak+of+La+Reunion+%28Indian+Ocean%29+exhibit+different+patterns+of+infection+in+the+mosquito%2C+Aedes+albopictus+Vazeille+2007
https://doi.org/10.1016/S1473-3099(16)00176-6
http://www.ncbi.nlm.nih.gov/pubmed/26997578
http://scholar.google.com/scholar?q=Global+risk+of+Zika+virus+depends+critically+on+vector+status+of+Aedes+albopictus+Gardner+2016
https://doi.org/10.1016/S0140-6736(16)00080-5
http://www.ncbi.nlm.nih.gov/pubmed/26777915
http://scholar.google.com/scholar?q=Anticipating+the+international+spread+of+Zika+virus+from+Brazil+Bogoch+2015
https://doi.org/10.1016/S1473-3099(16)30270-5
http://www.ncbi.nlm.nih.gov/pubmed/27593584
http://scholar.google.com/scholar?q=Potential+for+Zika+virus+introduction+and+transmission+in+resource-limited+countries+in+Africa+and+the+Asia-Pacific+region%3A+a+modelling+study+Bogoch+2016
http://www.ncbi.nlm.nih.gov/pubmed/27066299
http://scholar.google.com/scholar?q=On+the+Seasonal+Occurrence+and+Abundance+of+the+Zika+Virus+Vector+Mosquito+Aedes+Aegypti+in+the+Contiguous+United+States+Monaghan+2016
http://www.ncbi.nlm.nih.gov/pubmed/27069825
http://scholar.google.com/scholar?q=Estimating+risks+of+importation+and+local+transmission+of+Zika+virus+infection+Nah+2016
https://doi.org/10.1155/2012/103679
http://www.ncbi.nlm.nih.gov/pubmed/22523497
http://scholar.google.com/scholar?q=A+Predictive+Spatial+Model+to+Quantify+the+Risk+of+Air-Travel-Associated+Dengue+Importation+into+the+United+States+and+Europe+Gardner+2012
https://doi.org/10.1371/journal.pone.0072129
http://www.ncbi.nlm.nih.gov/pubmed/24009672
http://scholar.google.com/scholar?q=A+Global+Airport-Based+Risk+Model+for+the+Spread+of+Dengue+Infection+via+the+Air+Transport+Network+Gardner+2013
https://doi.org/10.3141/2501-04
http://scholar.google.com/scholar?q=Risk+of+dengue+spread+from+the+Philippines+through+international+air+travel+Gardner+2015
http://www.ncbi.nlm.nih.gov/pubmed/20098495
http://scholar.google.com/scholar?q=Climate+Change+and+Risk+of+Leishmaniasis+in+North+America%3A+Predictions+from+Ecological+Niche+Models+of+Vector+and+Reservoir+Species+Gonz%C3%A1lez+2010
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3916288/pdf/pntd.0002681.pdf
http://www.ncbi.nlm.nih.gov/pubmed/23936579
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3731215/pdf/pntd.0002348.pdf
http://biorxiv.org/content/early/2016/04/13/048454
http://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.0030201
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0001168
http://currents.plos.org/outbreaks/article/on-the-seasonal-occurrence-and-abundance-of-the-zika-virus-vector-mosquito-aedes-aegypti-in-the-contiguous-united-states/
https://peerj.com/articles/1904/
https://www.moh.gov.sg/content/moh_web/home/diseases_and_conditions/z/zika.html
http://dx.doi.org/10.1371%2Fjournal.pntd.0000585


2/12/2019 Vector status of Aedes species determines geographical risk of autochthonous Zika virus establishment

https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0005487 12/13

49.

View Article PubMed/NCBI Google Scholar

50.

View Article PubMed/NCBI Google Scholar

51.

52.

53.

View Article Google Scholar

54.
View Article Google Scholar

55.

View Article Google Scholar

56.

View Article PubMed/NCBI Google Scholar

57.

View Article PubMed/NCBI Google Scholar

58.

59.

View Article PubMed/NCBI Google Scholar

60.

View Article PubMed/NCBI Google Scholar

61.

View Article PubMed/NCBI Google Scholar

62.

View Article PubMed/NCBI Google Scholar

63.

View Article Google Scholar

64.

View Article PubMed/NCBI Google Scholar

65.

View Article PubMed/NCBI Google Scholar

Moffett A, Shackelford N, Sarkar S. Malaria in Africa: Vector Species’ Niche Models and Relative Risk Maps [Journal Article]. PLoS ONE. 2007;2(9):e824.
Available from: http://dx.plos.org/10.1371/journal.pone.0000824. pmid:17786196

Sarkar S, Strutz SE, Frank DM, Rivaldi C, Sissel B, Sánchez-Cordero V. Chagas Disease Risk in Texas [Journal Article]. PLoS Neglected Tropical
Diseases. 2010;4(10):e836. Available from: http://dx.doi.org/10.13712Fjournal.pntd.0000836. pmid:20957148

Margules C, Sarkar S. Systematic Conservation Planning. Cambridge, UK:: Cambridge University Press; 2007.

J F. Mapping Species Distributions: Spatial Inference and Prediction. Cambridge, UK:: Cambridge University Press; 2009.

Phillips SJ SR Anderson RP. Maximum entropy modeling of species geographic distributions [Journal Article]. Ecological Modelling. 2006;190(3-4):231–
259. Available from:

Phillips SJ, Dudík M. Modeling of species distributions with Maxent: new extensions and a comprehensive evaluation. Ecography. 2008;31:161–175.

Campbell LP, Luther C, Moo-Llanes D, Ramsey JM, Danis-Lozano R, Peterson AT. Climate change influences on global distributions of dengue and
chikungunya virus vectors. Philosophical Transactions of the Royal Society of London B: Biological Sciences. 2015;370 (1665). Available from:
http://rstb.royalsocietypublishing.org/content/370/1665/20140135.

Kraemer MU, Sinka ME, Duda KA, Mylne AQ, Shearer FM, Barker CM, et al. The global distribution of the arbovirus vectors Aedes aegypti and Ae.
albopictus [Journal Article]. eLIFE. 2015;Available from: https://elifesciences.org/content/4/e08347v3. pmid:26126267

Messina JP, Kraemer MU, Brady OJ, Pigott DM, Shearer FM, Weiss DJ, et al. Mapping global environmental suitability for Zika virus [Journal Article].
eLIFE. 2016;Available from: http://elifesciences.org/content/5/e15272v1/article-info. pmid:27090089

IATA. Air Passenger Market Analysis December 2015 [Web Page]; 2016. Available from: http://www.iata.org/whatwedo/Documents/economics/passenger-
analysis-dec-2015.pdf.

Ayres CFJ. Identification of Zika virus vectors and implications for control [Comment]. The Lancet Infectious Diseases. 2016;16(3):278–279.
pmid:26852727

Aliota M, Peinado S, Osorio J, Bartholomay L. Culex pipiens and Aedes triseriatus mosquito susceptibility to Zika virus [letter] [Journal Article]. Emerg
Infect Dis. 2016;Available from: http://dx.doi.org/10.3201/eid2210.161082. pmid:27434194

Foy BD, Kobylinski KC, Chilson Foy JL, Blitvich BJ, Travassos da Rosa A, Haddow AD, et al. Probable non-vector-borne transmission of Zika virus,
Colorado, USA [Journal Article]. Emerg Infect Dis. 2011;17(5):880–2. Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3321795/pdf/10-
1939_finalD.pdf. pmid:21529401

Musso D, Roche C, Robin E, Nhan T, Teissier A, Cao-Lormeau VM. Potential sexual transmission of Zika virus [Journal Article]. Emerg Infect Dis.
2015;21(2):359–61. Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4313657/pdf/14-1363.pdf. pmid:25625872

Hills S, Russell K, Hennessey M, Williams C, Oster A, Fischer M, et al. Transmission of Zika Virus Through Sexual Contact with Travelers to Areas of
Ongoing Transmission—Continental United States [Journal Article]. MMWR Morb Mortal Wkly Rep. 2016;Available from:
http://dx.doi.org/10.15585/mmwr.mm6508e2er.

Musso D, Roche C, Nhan TX, Robin E, Teissier A, Cao-Lormeau VM. Detection of Zika virus in saliva [Journal Article]. J Clin Virol. 2015;68:53–5.
Available from: http://ac.els-cdn.com/S138665321500133X/1-s2.0-S138665321500133X-main.pdf?_tid=5e5fb3be-c889-11e5-ae67-
00000aab0f02&acdnat=1454292982_87654187710dd0375147b1cf08f76f4d. pmid:26071336

Gourinat AC, O’Connor O, Calvez E, Goarant C, Dupont-Rouzeyrol M. Detection of Zika virus in urine [Journal Article]. Emerg Infect Dis. 2015;21(1):84–6.
Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4285245/pdf/14-0894.pdf. pmid:25530324

http://www.ncbi.nlm.nih.gov/pubmed/17786196
http://scholar.google.com/scholar?q=Malaria+in+Africa%3A+Vector+Species%E2%80%99+Niche+Models+and+Relative+Risk+Maps+Moffett+2007
http://www.ncbi.nlm.nih.gov/pubmed/20957148
http://scholar.google.com/scholar?q=Chagas+Disease+Risk+in+Texas+Sarkar+2010
https://doi.org/10.1016/j.ecolmodel.2005.03.026
http://scholar.google.com/scholar?q=Maximum+entropy+modeling+of+species+geographic+distributions+Phillips+2006
https://doi.org/10.1111/j.0906-7590.2008.5203.x
http://scholar.google.com/scholar?q=Modeling+of+species+distributions+with+Maxent%3A+new+extensions+and+a+comprehensive+evaluation+Phillips+2008
http://scholar.google.com/scholar?q=Climate+change+influences+on+global+distributions+of+dengue+and+chikungunya+virus+vectors+Campbell+2015
http://www.ncbi.nlm.nih.gov/pubmed/26126267
http://scholar.google.com/scholar?q=The+global+distribution+of+the+arbovirus+vectors+Aedes+aegypti+and+Ae.+albopictus+Kraemer+2015
http://www.ncbi.nlm.nih.gov/pubmed/27090089
http://scholar.google.com/scholar?q=Mapping+global+environmental+suitability+for+Zika+virus+Messina+2016
https://doi.org/10.1016/S1473-3099(16)00073-6
http://www.ncbi.nlm.nih.gov/pubmed/26852727
http://scholar.google.com/scholar?q=Identification+of+Zika+virus+vectors+and+implications+for+control+Ayres+2016
http://www.ncbi.nlm.nih.gov/pubmed/27434194
http://scholar.google.com/scholar?q=Culex+pipiens+and+Aedes+triseriatus+mosquito+susceptibility+to+Zika+virus+Aliota+2016
http://www.ncbi.nlm.nih.gov/pubmed/21529401
http://scholar.google.com/scholar?q=Probable+non-vector-borne+transmission+of+Zika+virus%2C+Colorado%2C+USA+Foy+2011
http://www.ncbi.nlm.nih.gov/pubmed/25625872
http://scholar.google.com/scholar?q=Potential+sexual+transmission+of+Zika+virus+Musso+2015
http://scholar.google.com/scholar?q=Transmission+of+Zika+Virus+Through+Sexual+Contact+with+Travelers+to+Areas+of+Ongoing+Transmission%E2%80%94Continental+United+States+Hills+2016
http://www.ncbi.nlm.nih.gov/pubmed/26071336
http://scholar.google.com/scholar?q=Detection+of+Zika+virus+in+saliva+Musso+2015
http://www.ncbi.nlm.nih.gov/pubmed/25530324
http://scholar.google.com/scholar?q=Detection+of+Zika+virus+in+urine+Gourinat+2015
http://dx.plos.org/10.1371/journal.pone.0000824
http://dx.doi.org/10.13712Fjournal.pntd.0000836
http://rstb.royalsocietypublishing.org/content/370/1665/20140135
https://elifesciences.org/content/4/e08347v3
http://elifesciences.org/content/5/e15272v1/article-info
http://www.iata.org/whatwedo/Documents/economics/passenger-analysis-dec-2015.pdf
http://dx.doi.org/10.3201/eid2210.161082
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3321795/pdf/10-1939_finalD.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4313657/pdf/14-1363.pdf
http://dx.doi.org/10.15585/mmwr.mm6508e2er
http://ac.els-cdn.com/S138665321500133X/1-s2.0-S138665321500133X-main.pdf?_tid=5e5fb3be-c889-11e5-ae67-00000aab0f02&acdnat=1454292982_87654187710dd0375147b1cf08f76f4d
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4285245/pdf/14-0894.pdf


2/12/2019 Vector status of Aedes species determines geographical risk of autochthonous Zika virus establishment

https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0005487 13/13

66.

View Article PubMed/NCBI Google Scholar

67.

View Article PubMed/NCBI Google Scholar

68.

View Article PubMed/NCBI Google Scholar

69.

View Article PubMed/NCBI Google Scholar

70.

View Article PubMed/NCBI Google Scholar

Fauci AS, Morens DM. Zika Virus in the Americas—Yet Another Arbovirus Threat [Journal Article]. N Engl J Med. 2016;Available from:
http://www.ncbi.nlm.nih.gov/pubmed/26761185. pmid:26761185

Kilbourn AM, Karesh WB, Wolfe ND, Bosi EJ, Cook RA, Andau M. Health evaluation of free-ranging and semi-captive orangutans (Pongo pygmaeus
pygmaeus) in Sabah, Malaysia [Journal Article]. J Wildl Dis. 2003;39(1):73–83. pmid:12685070

Fagbami AH. Zika virus infections in Nigeria: virological and seroepidemiological investigations in Oyo State [Journal Article]. J Hyg (Lond).
1979;83(2):213–9. Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2129900/pdf/jhyg00044-0020.pdf. pmid:489960

Darwish MA, Hoogstraal H, Roberts TJ, Ahmed IP, Omar F. A sero-epidemiological survey for certain arboviruses (Togaviridae) in Pakistan [Journal
Article]. Transactions of the Royal Society of Tropical Medicine and Hygiene. 1983;77(4):442–445. Available from:
http://www.sciencedirect.com/science/article/pii/0035920383901062. pmid:6314612

Wolfe ND, Kilbourn AM, Karesh WB, Rahman HA, Bosi EJ, Cropp BC, et al. Sylvatic transmission of arboviruses among Bornean orangutans [Journal
Article]. Am J Trop Med Hyg. 2001;64(5-6):310–6. pmid:11463123

http://www.ncbi.nlm.nih.gov/pubmed/26761185
http://scholar.google.com/scholar?q=Zika+Virus+in+the+Americas%E2%80%94Yet+Another+Arbovirus+Threat+Fauci+2016
https://doi.org/10.7589/0090-3558-39.1.73
http://www.ncbi.nlm.nih.gov/pubmed/12685070
http://scholar.google.com/scholar?q=Health+evaluation+of+free-ranging+and+semi-captive+orangutans+%28Pongo+pygmaeus+pygmaeus%29+in+Sabah%2C+Malaysia+Kilbourn+2003
http://www.ncbi.nlm.nih.gov/pubmed/489960
http://scholar.google.com/scholar?q=Zika+virus+infections+in+Nigeria%3A+virological+and+seroepidemiological+investigations+in+Oyo+State+Fagbami+1979
http://www.ncbi.nlm.nih.gov/pubmed/6314612
http://scholar.google.com/scholar?q=A+sero-epidemiological+survey+for+certain+arboviruses+%28Togaviridae%29+in+Pakistan+Darwish+1983
http://www.ncbi.nlm.nih.gov/pubmed/11463123
http://scholar.google.com/scholar?q=Sylvatic+transmission+of+arboviruses+among+Bornean+orangutans+Wolfe+2001
http://www.ncbi.nlm.nih.gov/pubmed/26761185
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2129900/pdf/jhyg00044-0020.pdf
http://www.sciencedirect.com/science/article/pii/0035920383901062

