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Abstract

The number of West Nile virus (WNV)-infected mosquitoes aboard aircraft from the United States that arrive in
the United Kingdom each summer was determined using a quantitative risk assessment. In the worst-case
scenario, when WNV levels in mosquitoes are high (at epidemic levels) the probability of at least one WNV-
infected mosquito being introduced into the United Kingdom was predicted to be 0.99. During these periods, a
mean of 5.2 infected mosquitoes were estimated to be aboard flights from the United States to the United
Kingdom during May to October, with 90% certainty that the exact value lies between one and ten mosquitoes.
Heathrow airport was predicted to receive the majority of the infected mosquitoes (72.1%). Spatial analysis
revealed the region surrounding Heathrow satisfies the criteria for potential WNV exposure as both WNV-
competent mosquitoes and susceptible wild bird species are present. This region is, therefore, recommended for
targeted, risk-based surveillance of WNV-infected mosquitoes in addition to an increased awareness of the risks

to horses, birds and humans.
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Introduction

EST NILE VIRUS (WNV) is a member of the Flaviviridae

family: it is a single-stranded RNA virus encoding 10
proteins (Hayes et al. 2005). There are two principal lineages:
lineage 1 is detected throughout the world, whereas lineage 2
is detected in sub-Saharan Africa (Hayes et al. 2005) and more
recently in Hungary (Bakonyi et al. 2006). Recent data suggest
that WNV should be classified into five genetic lineages, with
Indian viruses constituting the distinct genetic lineage 5
(Bondre et al. 2007). Other Flaviviruses include St. Louis En-
cephalitis, Japanese Encephalitis, Dengue, Yellow Fever,
Usutu, and Tick-borne Encephalitis. All are arboviruses and
are transmitted by bites from infected arthropods.

WNV circulates between infected mosquitoes (mainly
members of the Culex genus) and birds (principally corvids,
raptors and passerines). The disease causes encephalitis in
horses (Ostlund et al. 2000) and humans (Mostashari et al.
2001). Mammals are incidental dead-end hosts (Ligon 2004)

and are not considered to play a significant role in the epi-
demiology of the disease.

The arrival of WNV in America in 1999 was heralded by an
outbreak of human encephalitis cases in Queens, New York
City (NYC); a cluster of dead exotic birds from the Bronx Zoo,
NYC; and a die-off of crows (Corrus brachyrhynchos and C.
ossifragus) in the region (Lanciotti et al. 1999). The virus has
since become endemic across the United States and spread
into neighboring countries (Planitzer et al. 2009). Early cases
in humans were misdiagnosed as St. Louis Encephalitis
(McCarthy 2001).

Another flavivirus, Usutu virus, was identified in Vienna,
Austria, in August 2001 (Weissenbock et al. 2002). Similar to
WNV in the United States, the incursion was confirmed after
mass bird mortalities of passerines and fatalities in captive
birds at the city’s zoo (Weissenbock et al. 2002). The first case
of human neuro-invasive Usutu virus infection has been di-
agnosed recently in Italy: the isolate was similar to that found
in Austria (Pecorari et al. 2009). WNV has also been identified

1Royal Veterinary College, London, United Kingdom.

2Animal Health and Veterinary Laboratories Agency—Weybridge, New Haw, Addlestone, Surrey, United Kingdom.
UK National Centre for Zoonoses Research, University of Liverpool, Liverpool, United Kingdom.
“Health Protection Agency, Porton Down, Salisbury, Wiltshire, United Kingdom.

310



RISK OF INTRODUCING WNV-INFECTED MOSQUITOES TO UK

in Vienna: the virus was isolated from three birds (two spar-
row hawks, Accipiter nisus, and a Kea, Nestor notabilis) in the
northern part of Austria (Anonymous 2008, 2009). More re-
cently, WNV has been identified in humans in Greece (Papa
etal. 2010). The emergence of such viruses may be the result of
a number of factors, such as increasing movement of people,
animals, plants, and goods world wide, which favors spread
of viruses and their vectors (Weissenbock et al. 2010). Similar
concerns have been reported regarding the spread of malarial
vectors: air and ship travel have assisted in the spread of
malaria by transporting infected mosquitoes around the globe
(Gratz et al. 2000, Tatem et al. 2006), aided by climatic simi-
larity and increasing traffic volume on long-haul international
routes (Tatem and Hay 2007, Randolph and Rogers 2010),
and have resulted in malaria cases in the United Kingdom
(Whitfield et al. 1984). It is possible the same transport routes
resulted in the introduction of WNV in NYC, as this city is a
major international port and early WNV incursions were
identified close to La Guardia International Airport.

Risk assessments for Barbados (Douglas et al. 2007), Gala-
pagos (Kilpatrick et al. 2006), and Hawaii (Kilpatrick et al.
2004) have indicated that mosquitoes aboard aircraft pose the
greatest threat for WNV introduction to an island, so it could
be hypothesized that there is a risk of WNV introduction into
the United Kingdom by infected vectors aboard international
aircraft.

This study addressed the questions: (1) what is the proba-
bility of importing WNV-infected mosquitoes into the United
Kingdom by aircraft from the United States per vector season
(taken to be May to October)? (2) How many WNV-infected
mosquitoes enter the United Kingdom on flights from the
United States each vector season? The imported WNV-in-
fected mosquitoes are distributed among the UK airports. In
addition, these airports are mapped with the location and
density of recorded WNV-competent mosquitoes and survey
counts of susceptible wild bird species. This shows where
WNYV exposure would be possible and the regions that would
be at a greater risk of exposure. This risk assessment focuses
on WNV from the United States, which was perceived to pose
a substantial risk by introducing a WNV-infected mosquito
into the United Kingdom. This pathway could act as a model
for the potential spread of WNV-infected mosquitoes between
countries.

Materials and Methods
Model framework

The questions posed consider disease introduction and so
constitute a release assessment using World Organization for
Animal Health risk assessment methodology (Murray 2004).
Airports in the United States were divided geographically
into three regions (Table 1), allowing differences in the prev-
alence of WNV in mosquitoes to be incorporated. Only the
season May to October (a period of 184 days) was considered:
this represents the period of highest risk (Medlock et al. 2007),
and the period when mosquito populations will be present in
both the United Kingdom and United States.

The pathway and parameters required for determining the
number of WNV-infected mosquitoes that arrive in the United
Kingdom from each region is shown (Fig. 1). In the worst-case
scenario, when WNYV prevalence in mosquitoes is at an epi-
demic level in the United States, the total number of infected
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TaBLE 1. ALLocATION OF U.S. AIRPORTS INTO WESTERN,
CENTRAL, AND EASTERN REGIONS (REGION 1)

Western (w) Central (c) Eastern (e)

Los Angeles Dallas/Fort Worth ~ Atlanta

Las Vegas Denver Baltimore

Phoenix Houston Bangor

San Diego Minneapolis— Boston

St. Paul
San Francisco  New Orleans Charlotte
Seattle Chicago (O’Hare)
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Detroit
Fort Lauderdale
Louisville

Miami International

New York (JFK)
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FIG.1. Model framework used to determine the number of
West Nile virus (WNV)-infected mosquitoes introduced to
the United Kingdom on aircraft from the United States. All
values correspond to the vector season (May to October).
Region i refers to the three regions of the United States
(western, central, and eastern; see Table 1) and airport j refers
to the UK destination airport (Table 3).
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TaBLE 2. INPUT PARAMETERS USED TO ESTIMATE THE NUMBER OF WEST NILE VIRUS-INFECTED
MosqQuiTogs FROM U.S. REGION i To UK AIRPORT j FROM MAY TO OCTOBER (Nj))

Parameter description Notation Value Reference
Prevalence of WNV P,i=w,c e P,,=0.00205 Anonymous (2005)

in mosquitoes P.=0.00443 Bolling et al. (2007)

in region i* P,=0.00136 Bernard et al. (2001)

and Mans et al. (2004)

Conversion factor X g Bell et al. (2006)

for epidemic to '

nonepidemic periods . . .
Numbeli of mosguitoes NM,;, i=w, c, e 14+ Negative Binomial (14, Se )Vi Haseyama et al. (2007)

per aircraft 1136

where Se® = Uniform (minimum%, Lindsay et al. (1989)
max imum 20

Number of flights NF;; Table 3 Anonymous (2009)

from region i to
airport j per season

“Due to the large sample sizes (552358, 2030, and 327773 for western, central, and eastern United States, respectively) no uncertainty was

included in the estimation of P;, i=w, c, e.
bSe is the sensitivity of the flashlight search method.
WNYV, West Nile virus.

mosquitoes arriving in the United Kingdom from the United
States per season (N) is

N= ZN,] = ZBii’l()ml‘ﬂl(NAi,j, Pl‘)
ij i

@

where i is the U.S. region; j is the UK airport. The parameter
NA,;j is the number of mosquitoes entering the United King-
dom from region i to airport j and is calculated by NA; ;= NM,;
x NF; j where NM; is the number of mosquitoes per aircraft
from region i; and NF; ; is the number of flights from region i to
airport j. The parameter P; is the probability a random mos-
quito in region i is infected. N;; is the simulated number of
infected mosquitoes entering the United Kingdom from re-
gion i to airportj. All values correspond to the vector period of
May to October only. Input parameter values are given in
Table 2.

When WNV in mosquitoes is at an endemic level, the
equation becomes

Nendemic = ZNendemic, ij = Z Binomiﬂl(NAi,j/ XP,‘)
L] ]

@

where conversion factor X is taken from published data of the
change in infection levels between epidemic and endemic
periods (Table 2).

The probability of at least one WNV-infected mosquito
arriving in the United Kingdom from the United States per
season (Py () was

Number of iterations where N > 0
Total number of iterations

©)

Pnso=

It was assumed that transatlantic flights would not be
sprayed with insecticide.

The model was developed in Office Excel™ (Microsoft)
using @Risk™ (Palisade) to incorporate uncertain parameters
stochastically: 50,000 iterations were run to ensure model
convergence.

Probability a random mosquito is infected
with WNV in regioni (P;)

Differences in WNV competence between North American
mosquito species have been investigated (Sardelis et al. 2001,
Turell et al. 2005) but, due to a lack of data, it was not possible
to stratify to this level. It was, therefore, assumed that all
American mosquito species were present in equal numbers
and were equally likely to be tested and infected.

For each region in the United States, the level of WNV
infection in mosquitoes was researched in published literature
using PubMed, CAB Direct, and Web of Knowledge search
engines. Articles that listed results from all mosquitoes trap-
ped and tested with PCR were included. The studies used
were assumed to be equally valid.

For reasons of practicality, studies that aim to estimate the
level of WNV infection in mosquitoes sample from pools of
mosquitoes, where typically a minimum infection rate (MIR)
is estimated. The MIR is defined as the number of infected
mosquitoes per 1000 tested. Therefore, dividing the MIR by
1000 provides an estimate of prevalence. However, this can
lead to an underestimation of the true prevalence as it is im-
plicitly assumed that there is only one infected mosquito
within a positive pool (Gu et al. 2004). Statistical methods
have been developed to enable a more accurate measure of
prevalence to be calculated (e.g., maximum likelihood esti-
mation), but these are not applied here as the prevalence is
deemed to be very low. Under such circumstances there is
little difference between the MIR and maximum likelihood
estimates (Walter et al. 1980).

Therefore, we define P; (i=w, ¢, ¢) as NP, /TM, where NP,
is defined as the number of positive pools and TM as the total
number of mosquitoes tested. Each set of WNV prevalence
studies was kept separate to represent the different U.S. re-
gions, except for the east region where the results from 2
studies by Bernard et al. (2001) and Mans et al. (2004) were
added together. Due to the large sample sizes from the four
studies used to estimate P;, i=w, ¢, e no uncertainty was in-
cluded in the parameter estimate (Table 2).
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Infection rates vary between epidemic and endemic peri-
ods and this was investigated using the conversion factor X as
shown in equation (2). An epidemic was defined as a period of
intense WNV activity shortly after the first WNV incursion
into a state: this was usually the first full year after disease
incursion.

Number of mosquitoes per aircraft (NM))

A study undertaken at Narita Airport in Japan, identified
14 mosquitoes (Sp;) on 1136 aircraft (Fp;) from North and
South America, 8 (57%) of which were Culex species (Ha-
seyama et al. 2007). The authors searched each aircraft’s cabin
and hold using a flashlight. Flights were not randomly se-
lected, but it was assumed that this did not affect the results. It
was also assumed that all mosquitoes were alive at collection.
Although other studies have searched for mosquitoes on
planes (Le Maitre and Chadee 1983, Russell et al. 1984, Ta-
kahashi et al. 1984, Hutchinson et al. 2005), the data from
Haseyama et al. (2007) were selected as it only considered
flights arriving from the Americas, searched for mosquitoes in
both the cargo and passenger areas and is also the most recent.

The sensitivity of the flashlight search (Se) was derived
from a study that compared this method to knockdown with
an insecticide spray (Lindsay et al. 1989): this assumed that
the insecticide method was a gold-standard test, regardless of
the insecticide used. Uncertainty was incorporated by esti-
mating the number of mosquitoes missed using a negative
Binomial distribution (Table 2).

Given the limited data, it was assumed the number of
mosquitoes per aircraft was independent of region and airport
and, therefore, NM,=NM_.=NM,,.

Due to the uncertainty associated with the data used to
estimate the number of mosquitoes present on an aircraft,
both the sensitivity of the flashlight search (Se) and Sy, were
included in a sensitivity analysis, where the effect of alterna-
tive values of these parameters are investigated.

Number of flights from region i to airport
per season (NF; )

Parameter NF;; was estimated from 2008 data provided
by the United Kingdom’s Civil Aviation Authority (Anon-
ymous 2009) using the number of passengers on each route
and the estimated average number of passengers per aircraft
(Table 3), assuming a constant ratio of cargo to passenger
flights.

It was assumed that the number of flights from region i was
constant throughout the year, thereby allowing the number of
flights for the 184-day vector period to be calculated.

Exposure map

Maps were produced using ESRI ArcGIS™ v9.3 software.
The identification and distribution of records of candidate
WNV vectors in Britain has been published (Medlock et al.
2005): these data include regional surveys and localized reports
of individual mosquitoes and is available to download from
the British Mosquito Recording Scheme via the National Bio-
diversity Network Gateway (http://data.nbn.org.uk/). Kernel
smoothing was undertaken using a 25 km kernel to indicate
areas with the highest number of recorded mosquitoes.
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TaBLE 3. NUMBER OF FLIGHTS ARRIVING AT UK AIRPORT
j FrRoM U.S. ReGION i (NF;))

Region i
Western  Central — Eastern All
Airport j (w) (c) (e) regions
Heathrow 11905 4276 35048 51229
Gatwick 1702 1193 8708 11603
Manchester 375 8 6461 6844
Glasgow 6 1 1076 1083
Edinburgh 0 0 883 883
Birmingham 0 2 488 490
Belfast International 7 0 517 524
Bristol 0 0 436 436
Stanstead 0 0 286 286
Luton 0 0 138 138
Newcastle 0 0 125 125
Cardiff Wales 0 0 86 86
East Midlands Int. 0 2 53 55
Leeds Bradford 0 0 7 7
Bournemouth 0 1 1 2
Humberside 0 0 1 1
Doncaster Sheffield 0 1 0 1
Exeter 0 1 0 1
Total 13995 5485 54314 73794

Number of flights from May to October (a period of 184 days)
from the three U.S. regions estimated from published data for 2008
from the Civil Aviation Authority. Estimates for the number of
flights assume that the average number of passengers is 124 and a
constant cargo to passenger aircraft ratio.

Laboratory studies have shown that bird species in the
orders Passeriformes, Charadriiformes, Strigiformes, and
Falconiformes can infect feeding mosquitoes (Komar et al.
2003, Hayes et al. 2005) and are therefore potential WNV
hosts. The UK distribution and maximum count per day per
100 km? for selected members of these orders (listed in the
legend of Fig. 6) was supplied by the British Trust for Or-
nithology (BTO) from the last completed Winter Atlas (Lack
1986). These data do not give an absolute density figure, but
rather a relative one, relative to the other species present. Only
species with similar summer and winter distributions (P.
Lack, BTO, United Kingdom, personal communication) were
included in the analysis, as the data were collected in winter
but the season of interest is the summer. Data for all species
were combined, and these data were plotted using their em-
bedded coordinates. The data were then converted from
points into a raster format with a 100 km? pixel size (i.e.,
where one 100 km? count area was represented by one 100
km? pixel). Subsequently, the values of each pixel were di-
vided by 100 to give a raster representing bird density (wild
birds/km?) across the United Kingdom.

A relative abundance score was then calculated as the ratio
of the number of recorded WNV-competent mosquitoes per
km? and the wild bird count per km* (Keeling and Rohani
2007). The abundance raster represents the vector-host ratio
and its values range from 0 to 0.043. The abundance raster
values were ranked from 1 (low) to 5 (high) using a Natural
Breaks (Jenks) classification method (Jenks 1967). The splits
generated by the classification were as follows: 0-0.001 =Rank
1 (low), 0.001-0.004=Rank 2, 0.004-0.011=Rank 3, 0.011-
0.024=Rank 4, 0.024-0.043 =Rank 5 (high).
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Coordinates for the UK international airports were deter-
mined using Get-a-Map™ (Ordnance Survey) and were
buffered to a 10 km diameter.

Results

Results for N and N;, when WNYV levels in mosquitoes are
at epidemic levels, are shown in Table 4 and Figure 2. When
WNV prevalence is at epidemic levels, it is estimated that on
average 5.2 (1; 10) WNV-infected mosquitoes arrive in the
United Kingdom during the summer period. The probability
of at least one infected mosquito arriving during this time
(Pn>0) s 0.99. Similarly, when WNYV is endemic it is estimated
that on average 1.2 (0; 3) WNV-infected mosquitoes arrive
between May and October, and Py . (=0.68.

Parameter N, has the greatest influence on N: this corre-
sponds to the higher number of flights from eastern airports.
N; was lower for flights originating from central and western
United States. This again relates to the number of flights from
these regions; however, both had slightly higher P; estimates
than P, (see Tables 2 and 3).

The number of infected mosquitoes arriving in the United
Kingdom per season was calculated for each UK airport (pa-
rameter N;). The vast majority of the mosquitoes arrive at
Heathrow airport: the model estimated that 72.1% of the mean
number of WNV-infected mosquitoes would arrive here.
Gatwick airport was predicted to have the second highest
share of imported WNV-infected mosquitoes (16.4%); Man-
chester airport the third highest (7.4%); and Glasgow airport
the fourth highest (1.1%). All other UK airports handling
flights from the United States were predicted to receive less
than 1% of imported WNV-infected mosquitoes. These pro-
portions remain the same for epidemic and endemic periods.

There is considerable uncertainty associated with some of
the parameter values within the model, and therefore a sen-
sitivity analysis was carried out to investigate the impact of
these parameters. In particular, the probability a randomly
selected mosquito is infected (P;); the number of mosquitoes
aboard aircraft (Sy;) and the sensitivity of the flashlight search
method (Se) were selected for further investigation. For each
parameter the effect of changing its value on the model out-
puts N and Py~ (when WNV is at epidemic levels) was cal-
culated. Figure 3 shows that, as expected, N is linearly related
to P; and Sy, and nonlinearly related to Se but within the
ranges considered only P; and Sy, were influential on the risk
of release (Pnso) and would therefore benefit from further
data generation. Given the uncertainty associated with the

TaBLE 4. THE NUMBER OF WEST NILE VIRUS—INFECTED
MosqQuiTtoEs ENTERING THE UK ABOARD AIRCRAFT
FROM THE UNITED STATES ESTIMATED
FOR THE SUMMER SEASON (MAY-OCTOBER)

Number of WNV-infected mosquitoes (N)

U.s. 5th 95th
region Parameter percentile Mean percentile
All N 1 5.2 10
Western Ny 0 1.2 3
Central N, 0 1.0 3
Eastern N, 0 3.1 7

50,000 iterations.
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FIG. 2. Relative frequency graph of the number of WNV-
infected mosquitoes entering the UK aboard flights from the
United States, per season (May to October). The number of
iterations was 50,000 and the minimum and maximum val-
ues of N were 0 and 26, respectively.

values associated with P; and especially due to the potential
under-estimation given the inherent assumptions used to es-
timate the MIR a scenario analysis was performed. In this
analysis the values for P; were assumed to be of an order of
magnitude higher than those used in the baseline model
(varying between 1 and 5%), (see Fig. 4). This also assesses the
impact of a significant increase in WNV prevalence in mos-
quitoes in the United States. The scenario analysis shows that,
within this range, the prevalence in mosquitoes (P;) has a very
large influence on N. Consequently, if a significant change in
WNV prevalence in U.S. mosquitoes is predicted further data
generation for P; would be highly advantageous and the risk
of release re-evaluated. The impact of selecting the study by
Haseyama et al. (2007) to estimate the number of mosquitoes
present on aircraft arriving from the United States was also
investigated (Fig. 5). To enable an easier comparison of the
five studies Figure 5 has been plotted on a log scale. The
analysis shows that if the data from Takahashi et al. (1984) or
Russell et al. (1984) were to have been used to estimate the
baseline results that N would increase significantly. This
demonstrates the importance of this data source within the
model. However, the data chosen to parameterize the model
(Haseyama et al. 2007) were deemed the most appropriate
because this study included only flights out of the Americas,
whereas the other studies considered flights out of many
different countries and continents.

The WNV-susceptible bird distribution is scattered across
the country (Fig. 6), although the Scottish borders, and East-
ern regions of the country seem to be slightly more re-
presented. The South East has the highest proportion of
recorded WNV-competent vectors, including both enzootic
and bridge-vector species (Medlock et al. 2007): the highest
density of records lies at the north-east London and Essex
border (Fig. 7). The proximity of airports to both susceptible
mosquito and bird populations is most apparent in Figure 7.
Heathrow and Manchester airports lie in regions with mod-
erate bird and mosquito relative abundance scores, whereas
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Glasgow and Gatwick airports were in low abundance score
areas.

Discussion

The model presented here indicated that there is a very high
risk of at least one WNV-infected mosquito being imported by
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FIG. 4. Scenario analysis for the prevalence of WNV in
mosquitoes in region i (P;). Graph showing the mean number
of WNV-infected mosquitoes that enter the United Kingdom
from the United States per vector season (N) and the prob-
ability that at least one WNV-infected mosquito arrives in
the United Kingdom per season (Py o). Results shown cor-
respond to WNV-infection in mosquitoes at epidemic levels.

aircraft from the United States to United Kingdom each sum-
mer. Heathrow airport has the greatest risk of an infected
mosquito incursion, with much lower risks at all the other UK
airports. This is not surprising as Heathrow airport handles
69.4% of all the transatlantic flights modeled. Moreover, spatial
analysis indicated the region around Heathrow airport has a
moderate vector-host ratio and susceptible vector and bird
species could be exposed to imported WNV. In addition, it has
been reported that southern England will be a disease hotspot
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FIG. 5. Box-plot comparing the log of the mean number of
WNV-infected mosquitoes that enter the United Kingdom
from the United States per season (Log(N)) if alternative
studies are used to estimate the number of mosquitoes
present on an aircraft from the United States. Study 1: Ta-
kahashi et al. (1984); Study 2: Russell et al. (1984); Study 3:
Hutchinson et al. (2005); Study 4: Le Maitre and Chadee
(1983); Study 5: Haseyama et al. (2007).
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barn owl (Tyto alba); buzzard (Buteo buteo); carrion crow (Corvus corone); hooded crow (Corvus cornix); house sparrow (Passer
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sparrow (Passer montanus). Data for Charadriiformes were not available. (Color images available online at www.liebert

online.com/vbz).

in the future with the potential for the incursion and increased
density in insect vectors capable of transmitting exotic viral
diseases, the majority of which are zoonotic (Jones et al. 2008).
The results presented in this study agree with the conclusion
that the south of England is most at risk for incursion of WNV

via mosquitoes on transatlantic aircraft. Currently, there is a
degree of bias to the presence of mosquitoes in the southeast of
England as this region has been specifically surveyed. The
vector-host ratio, however, still implies surveillance for WNV
should be targeted to this region. Currently, England
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FIG.7. Map of the United Kingdom (as Fig. 6) with relative mosquito and bird abundance scores: these are the ratio of the
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undertakes targeted surveillance for WNV in mosquitoes as
well as surveillance in dead birds (migratory as well as indig-
enous species). Horse and human surveillance is undertaken
by the United Kingdom Department for Environment, Food
and Rural Affairs and the Department of Health respectively,
by assessing suspect neurological cases.

The results show that the risk of importing at least one
WNV-infected mosquito per season decreases as the preva-
lence of WNV decreases in the United States, as was seen

when the model was adapted to the endemic situation. As
WNYV is now endemic in the United States (Planitzer et al.
2009), it is possible that the results calculated for endemic
periods more closely approximate the true number of infected
mosquitoes being imported. However, less data are available
on the prevalence of WNV in mosquitoes during endemic
periods as mosquito testing tends to occur during outbreaks.

Data used to estimate the number of mosquitoes per air-
craft (Sy;, Fa) were taken from one study from Japan;
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however, there are many studies that have estimated this and
the results vary widely, from 50 mosquitoes on 89863 aircraft
(Le Maitre and Chadee 1983) to 686 mosquitoes on 307 aircraft
(Russell et al. 1984). There are significant issues concerning the
validity of mosquito collection studies: it is possible that the
mosquitoes identified could have been present on the airplane
for some time (Russell et al. 1984); the season and time of the
flights” departures (such as dusk) could affect the number of
mosquitoes aboard; and few, if any, of the studies are ran-
domized. The data used in this study corresponded to flights
from North and South America: although this dataset will
include the United States, it will not represent that country
alone. There is, therefore, a high degree of uncertainty over
the number of mosquitoes aboard flights from the United
States. Moreover, the sensitivity of the flashlight method was
estimated by assuming that the insecticide method was a
perfect test. However, this is highly unlikely to be the case,
which leads to further uncertainty associated with the pa-
rameter NM;. Consequently, Se and S, were investigated in a
sensitivity analysis, which showed that, within the considered
range, the probability of WNV entering the United Kingdom
via aircraft is sensitive to Sy and less so Se. The parameter Sy,
is the only parameter that could potentially be reduced by a
risk mitigating intervention such as insecticide spraying. In-
secticide spraying is advocated by the World Health Orga-
nization (WHO) for the control of vector-borne diseases such
as malaria (Gratz et al. 2000) and could be implemented on
flight paths where other mosquito-borne diseases are a con-
cern. However, decreasing the total number of mosquitoes
aboard aircraft (Fig. 3) showed that, assuming the estimates
for Sy and Se are valid, a significant effort would be needed to
reduce the risk of WNV-infected mosquitoes from entering
the United Kingdom. Indeed, to decrease the probability of at
least one infected mosquito arriving in the United Kingdom
per vector season to less than 0.9, spraying would need to
remove over 50% of the mosquitoes on each plane. As the
majority of Culex mosquitoes have been discovered in the
cargo hold, particularly when warm-blooded animals are
transported (Takahashi 1984), traditional spraying techniques
might not be effective.

The identification of mosquitoes was not considered in this
model because of a lack of data on the distribution and rela-
tive abundance of different species. However, Culex mosqui-
toes are the main vectors for WNV in the United States (Hayes
et al. 2005, Turell et al. 2005) and have high levels of WNV
infection (Bernard et al. 2001). Additionally, in many airplane
searches the majority of mosquitoes recovered were Culex
mosquitoes (Le Maitre and Chadee 1983, Takahashi 1984,
Haseyama et al. 2007). If the mosquito species had been taken
into account, the risk of WNV-infected mosquitoes arriving
into the United Kingdom could be lower (where NM,; is
overestimated by considering all mosquito species) or higher
(where P; is underestimated by considering all mosquito
species) than the risk presented here.

This study has not explicitly modeled the exposure of ani-
mals or the consequences of imported WNV-infected mos-
quitoes in the United Kingdom. A traditional exposure
assessment for this pathway would be very complex as there
are numerous routes by which indigenous British animals
could be exposed to WNV. The exposure assessment would
require knowledge of the rate at which mosquitoes leave
aircraft and no published data were reported previously on
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this issue, although it can occur as observed with airport
malaria cases (Whitfield et al. 1984, Gratz et al. 2000). Such an
exposure assessment would also need to take into account the
competence of the native mosquito species present in the
United Kingdom. Consequently, a spatial approach has been
used here to indicate areas where WNV exposure could occur
and so help inform future risk-based surveillance. However,
adopting this spatial approach also has disadvantages. For
example, it cannot take into account the route by which a bird
may be exposed or the degree of exposure. It is also, similar to
any model, heavily reliant on the data used to describe bird
and mosquito populations within the United Kingdom. It is
recognized that the mosquito data incorporate unquantified
bias due to the nonrandomized nature of the study used and
also that the level of exposure cannot be ascertained at the
more local level (e.g., in the immediate vicinity of airports).
However, this method, with acknowledgement of the asso-
ciated caveats, does show where WNV exposure might be
possible and the regions that would be at a greater risk of
exposure.

The model presented here calculated a high probability of
at least one infected mosquito reaching the United Kingdom
each year. The question arises, why has the United Kingdom
not reported an incursion of WNV in the past? We previously
reported that WNV has not been isolated from birds in the
United Kingdom (Phipps et al. 2008). In contrast, two sero-
logical studies reported the presence of antibodies to WNV in
migratory, nonmigratory, and sentinel birds in the United
Kingdom (Buckley et al. 2003, 2006) although active virus was
not isolated from any of these birds. Possible reasons for the
apparent discrepancies between these studies have been dis-
cussed by Gould et al. (2006), and include the scenario where
UK wildlife are exposed to other Flaviviruses resulting in the
generation and detection of cross-reacting antibodies. In the
absence of any human WNV cases in the United Kingdom
(albeit imported cases) as discussed previously (Phipps et al.
2008), we conclude that although the incursion of WNV-
infected mosquitoes may occur sporadically, WNV has not
established in UK mosquitoes. We speculate that the forma-
tion of an infectious cycle would require an abundance of
competent mosquitoes and reservoir hosts linked to optimum
climatic conditions. In the United Kingdom, reservoir avian
hosts that can act as amplifying hosts for WNV appear to be
numerous, although mosquito densities are too low to sustain
an infectious cycle (Medlock et al. 2007). We speculate that
climate change might be the most important factor for in-
creasing mosquito numbers throughout Europe particularly
in southern England during the warmer months and in al-
lowing mosquitoes to survive during the winter period. Un-
derstanding the routes by which viruses are introduced into
the United Kingdom should enable policy makers to identify
the risks of potential incursions, realize the threats to public
health, and ultimately enable the development of targeted,
risk based surveillance.
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