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Abstract: (1): Rift Valley Fever (RVF) is a zoonotic disease of significant international health concern
and considered as an emerging risk to Europe, where no RVF outbreaks in humans or animals
have been reported so far. (2): Using a stochastic approach, we estimated the risk of RVF virus
(RVFV) introduction during the period of May to October (the period when mosquito populations,
including RVFV potential vectors, are present in European countries), into previously unaffected
areas (e.g., United Kingdom, UK) via virus-carrying vectors traveling in commercial aircraft from
RVF-affected countries (e.g., East Africa); (3): On average N = 68 (95% CI: 0-337), RVF-virus-infected
mosquitoes are estimated to be mechanically transported by planes (with N = 0 as most likely), in
direct flights from RVF-affected East African countries to the UK, between May and October. This
estimate is considered as low but not negligible. The model developed should be easily scaled up
to other European countries by amending appropriately country-specific variables (e.g., number
of flights between countries) in order to map the areas/airports of higher risk and inform risk
management per country accordingly and to adopt risk-mitigation measures.
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1. Introduction

Rift Valley Fever (RVF) is a disease of significant international health concern and an
emerging risk of interest to Europe, where no RVF outbreaks in humans or animals have
been reported so far. This infectious zoonotic disease is caused by Rift Valley Fever virus
(RVFV), belonging to the Phlebovirus genus (Bunyaviridae), a group of ribonucleic acid
(RNA) viruses. The virus affects mainly sheep, goats, and cattle; causing abortions and a
high neonatal mortality rate. The main transmission mechanism of RVFV in ruminants is a
bite from infected mosquito vectors, while the virus has the potential to also be spread by
other arthropods such as sand flies [1]. Susceptibility varies considerably among ruminants
of different ages and breeds, with younger animals being more susceptible [2,3]. Humans
become infected through direct contact with blood, body fluids, or aborted materials from
infected animals, or through mosquito bites [4,5]. There is some evidence that humans
can become infected with RVF by ingesting unpasteurized milk or uncooked meat from
infected animals. The majority of human infections lead to a mild flu-like syndrome, but a
small percentage (7—8%) leads to more severe manifestations, including fatal hemorrhagic
disease [4,6,7]. Outbreaks of RVF can result in significant economic losses [8]. Indicatively,
the outbreaks that occurred in Kenya in 2007 have been estimated to have caused over US
$32 million in damage to the Kenyan economy through severe losses to agriculture, human
health, and other sectors, such as transport [9].

RVFV, which was first recognized in Kenya in 1931, has been found today in countries
across Africa, the Arabian Peninsula, and islands in the Indian Ocean, including Madagas-
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car, Comores, and Mayotte [10,11]. The virus has a broad host range and can be transmitted
by at least 30 different mosquito species—some of which are found in Europe, Australasia,
and the Americas [2,12,13]. Given the increasing movements of people, animals, plants,
and goods worldwide, there is a risk of RVFV and its vectors spreading from their current
range into regions of the world where they have not been previously reported. Previous
qualitative risk assessments have assessed the following potential pathways of introduction
of RVF-virus in the United Kingdom (UK) (APHA, unpublished), the Netherlands (Hoek,
M., Central Veterinary Institute, The Netherlands, personal communication), the European
Union (EU) [2], and the United States (US) [14,15]: competent animal hosts, animal prod-
ucts, pests, RVF vectors, human hosts, vaccines, and escape from laboratories. According to
these previous qualitative and generic quantitative risk assessments for RVFV introduction
to a country [11], the pathways of non-negligible risk are the mechanical transport of
virus-carrying vectors confined within aircrafts and ship cargo holds, and the legal or
illegal importation of viremic hosts and animal products from RVF-affected countries.

The strength and added value of quantitative approaches, when it is possible to
perform them in addition to qualitative ones, lie in their usefulness for an informed and
precise illustration of a risk for policy, and also for highlighting the lack of data (including
quality data) in areas that require further research (including surveillance). Therefore, we
were interested in taking the previous research a step further and quantitatively assessing,
using a stochastic approach, the risk of RVFV introduction via the pathways previously
assessed as non-negligible. Due to the lack of quantitative data considered as pivotal to
build a risk model as realistic as possible for the non-negligible pathways, this study aimed
at quantitatively assessing the risk of RVFV introduction into previously unaffected areas
via virus-carrying vectors traveling in commercial aircraft from RVF-affected countries.
Using the United Kingdom as an example of an RVF-free European country receiving
flights from affected countries, considering African countries as examples of RVF-affected
countries, and focusing on mosquitoes, the study attempted to build an approach applicable
to a broader extent of cases (i.e., other European countries).

2. Results

Table 1 presents the estimated results of the model regarding its output; that is, the
number of RVFV-infected mosquitoes mechanically transported by planes, in direct flights
from RVF-affected East African countries to the UK, during the period of May to October,
and given that an epidemic occurs (N). Table 1 further presents the estimates of the model
over the input parameters: the probability of a random mosquito being infected with RVFV
in an RVF-affected East African country, given that an epidemic occurs (p), the number of
mosquitoes mechanically transported in a direct flight from an RVF-affected East African
country to the UK (N7), and the number of mosquitoes mechanically transported by planes,
in direct flights from RVF-affected East African countries to the UK (Nt) for the period of
May to October.

According to this model, the mosquitoes, when present in such direct flights, would
be expected to be present in small numbers aboard an aircraft, with a mode (most likely)
value of N1 =0, and a mean value of N1 = 1.1 (95% CI: 0-3). Moreover, this model estimated
that, given our assumptions, when an outbreak occurs, the total number of RVFV-infected
mosquitoes that are mechanically transported by planes, in direct flights from RVF-affected
East African countries to the UK, between May and October, has a mode (most likely)
value of N =0 (i.e., no infected mosquitoes are found in these flights) and a mean (average)
value of N = 68 (95% CI: 0-337). Figure 1 presents visually the distribution and the relative
frequency representing N for this model. In detail, according to this model, the most
frequent event estimated to occur (with almost 50% estimated relative frequency) is that
no infected mosquitoes are transferred aboard aircraft from and to the countries in focus.
However, the model also shows that, albeit with much lower estimated frequency (<10%),
higher total numbers of infected mosquitoes (with Nmax = 337) could be transferred via
this route.
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Figure 1. Distribution (x axis) and relative frequency (i axis, %) of the number of RVFV-infected mosquitoes mechanically

transported by planes, between May and October, in direct flights from RVF-affected countries to European countries (N).

For illustration purposes, the example of flights from East African affected countries to the UK were considered.

Table 1. Summary of the results of the model per input (p, N1, N1) and output (N) variables (min, max, mean, and mode

values). In this study, given the availability of data, the calculations were made considering flights from RVF-affected East

African countries to the UK.

Variable Description Min Max Mean Mode

Probability of a random mosquito being infected with RVFV in an

P RVF-affected East African country ! 0.02 0.09 0.06 0.07

N Number of mosquitoes mechanically transported in a direct flight 0 3 11 0

I from an RVF-affected East African country to the UK '
Number of mosquitoes mechanically transported by planes, in

Nt direct flights from RVF-affected East African countries to the UK 2 0 3213 1178 0
Number of RVFV-infected mosquitoes mechanically transported

N by planes, in direct flights from RVF-affected East African 0 337 68 0

countries to the UK 3

Legend: ! The values for p are rounded to two decimals. These estimations are made assuming that an epidemic occurs in the affected area
(in the case of an inter-epidemic period, p would equal zero). 2 For the period between May and October. 3 These estimations are made
assuming that an epidemic occurs in the affected area and is estimated for the period between May and October.

A sensitivity analysis was also performed. Figure 2 displays the results of the sensi-
tivity analysis graphically represented in the form of a tornado chart. This chart shows
the degree to which the output of this model (i.e., the number of infected mosquitoes
mechanically transported in the flights of interest) is sensitive to the specified independent
variables considered (i.e., the number of mosquitoes mechanically transported in a direct
flight (N7), the probability of a random mosquito being infected with RVFV (p) and the
number of direct flights to a European country (e.g., the UK) from RVF-affected countries
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(e.g., of East Africa) (F). As shown in Figure 2, the sensitivity analysis revealed that the
output of this model (N) is most sensitive to Ny, followed by p and F.
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Figure 2. Results of sensitivity analysis of the model output, i.e., the number of RVFV-infected mosquitoes mechanically
transported by planes during the period of May to October, in direct flights from RVF-affected countries to an EU country
(N). Legend: Nj is the number of mosquitoes mechanically transported in a direct flight from an RVF-affected country (in
this example from East Africa) to a European country (in this example to the UK). p is the probability of a random mosquito
being infected with RVFV in an RVF-affected country. F is the average number of direct flights to a European country from
RVF-affected countries, during a time period of interest. The x-axis of the tornado chart represents the values of the N for
different values of the independent variables Ny, p, F (y-axis). Each bar represents the range of N values produced when
each of Ny, p, F is set to lower bound and upper bound (with the other variables being held constant). The variable that
produces the largest range of the N values between its lower and upper bound is at the top of the chart.

3. Discussion

This model estimated a low, but not negligible, number of RVFV-infected mosquitoes
being mechanically transported by planes, in direct flights from RVF-affected East African
countries to the UK (N). Moreover, the sensitivity analysis showed that the number of
mosquitoes mechanically transported in a random direct flight (N1) influences the output
of this model (N) the most. Taking into consideration the underestimation of the total
number of flights from RVF-affected countries arriving to the UK (e.g., the UK also receives
on average 1915 flights from West Africa from May to October), it could be expected that
the total risk of RVF introduction to the UK through mosquitoes aboard flights is underesti-
mated. Based on these results, it becomes obvious that the implementation of efficient (and
passenger-safe) disinsection policies from the airlines, as well as mosquito control at the
airports and the surrounding areas (described elsewhere, e.g., [16]) are of utmost impor-
tance to minimize the risk of introduction of RVF, but also of other vector-borne diseases.
Moreover, given the increased need for quantitative approaches in risk assessment and risk
modeling for informing policy and in order to reduce uncertainty of their estimates, there is
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a need for detailed quantitative data from entomological surveillance inside aircraft, inside
and outside airport areas.

During the study, it also appeared that few data were available, especially regarding
the prevalence of RVF from entomological studies (p). Therefore, the results of available
studies with data from affected areas in Sudan and Kenya were used and it was assumed
that these results were representative of RVF prevalence in mosquitoes in East Africa.
Respective data from studies in western or southern Africa were not identified, a fact
that did not allow us to consider distinct scenarios representing different parts of Africa
with different epidemiological cycles of RVFV (see spatio-temporal characteristics of RVFV
persistence). Therefore, there is an identified need for entomological surveillance data to
allow a more precise estimation of prevalence. Together with this, databases and maps
should be produced, continuously verified, improved in spatial resolution and regularly
updated in order to provide data at the sub-national level as well. However, this model is
built in a step-by-step way, offering the possibility of easy amendments and updates upon
availability of more data (e.g., from entomological studies).

Another less-influential assumption concerns the use of an approximate number
of direct flights from East Africa to the UK (F), due to the availability of data of number
passengers on these flights. For the estimation of the approximate average number of flights,
data before 2020 were used to avoid an underestimation due to the COVID-19 pandemic.
Regarding the studies used for the estimation of the number of mosquitoes mechanically
transported in a direct flight (IN1), these identified small numbers of mosquitoes and this
probably shows a good level of disinsection policy (e.g., for the UK and France). However,
since for one study (i.e., for The Netherlands) it was not known whether such policy was
in place, different scenarios (disinsection versus non-disinsection) could not be considered
at this stage. It should also be mentioned that this model focused on the introduction of
infected mosquitoes, without investigating the concept of infectiousness [17], which would
concern a following exposure assessment. Nevertheless, according to a generic exposure
model developed by EFSA (2020) [11] there is a very high probability (combining host
density, vector presence, and proportion of days above temperature threshold of 9.6 °C) for
a transmission step following a vector introduction to occur in some European countries,
including the UK.

This is the first step-by-step risk model that attempts to assess the risk of RVF intro-
duction to a European country, using a stochastic approach, which estimates the number of
infected mosquitoes aboard direct flights. The assessment of the risk of RVF introduction
based on the results of this model aligns with the results of qualitative assessments previ-
ously published [15]. Furthermore, this model complements nicely with other previously
developed generic risk models (i.e., MINTRISK [11,18]. It is also relevant to the recently
published assessment of effectiveness of surveillance and control measures in the EU by the
European Food Safety Authority [19]. Another strength of this model is that the way it is
built permits us to use it also in the case of other countries (e.g., of southern Europe) only by
amending appropriately country-specific variables (e.g., number of flights between coun-
tries). As a next step, it would be useful to continue this research by allocating the arriving
mosquitoes to specific airports and, by using spatial mapping, to identify areas/airports
of higher risk and inform risk management per country accordingly. Specifically for the
UK, the information provided by such a mapping study together the results of this present
work, as well as the recent work by Simons et al. (2019) [20], would be useful and directly
applicable in a future overall assessment of this risk for this country. In detail, Simons et al.
(2019) [20] have recently developed a modeling methodology to estimate the habitat suit-
ability for presence of mosquito species in the UK deemed competent for RVE. At the same
time, it is important to follow a One-Health approach involving also the environment, and
couple this information with remote-sensing climate data and with the results from models
investigating environmental drivers of RVF emergence in Africa.
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4. Materials and Methods
4.1. Model Framework

There are three components of risk assessment under traditional OIE guidelines [21],
namely entry assessment, exposure assessment, and consequence assessment. The model
presented here only focuses on an entry assessment (i.e., until the point at which the virus
is introduced into a country via the pathway of infected mosquitoes aboard aircraft). It
does not consider the potential following exposure of humans, livestock, or wildlife to the
virus and the subsequent consequences given incursion.

4.2. Considerations and Assumptions

A number of considerations and assumptions were initially taken into account, in
order to build our model in the most representative way. These considerations concern the
countries affected by the disease, the vectors of RVFV, the spatio-temporal characteristics
of RVFV in the affected areas, and the flights originating from affected countries. Their
detailed description follows.

4.2.1. Affected Countries

The virus is endemic in tropical regions of eastern, western, and southern Africa. A
list of countries where the most notable outbreaks of RVF have been recorded in Africa
and in the Arabian Peninsula has been presented elsewhere, e.g., [11]. The most recent
outbreaks that also involved multiple human cases occurred in Mayotte in 2018-2019 [22].

The study specifically focuses on African countries with currently or previously
reported endemic disease and substantial outbreaks, or that are known to have some cases
(including human ones), periodic isolation of the virus, or serologic evidence of RVFV. For
the purposes of this study, we chose to take into consideration these countries as a whole,
and not just the regions or districts where cases or outbreaks have occurred. The logic
behind this assumption is that, even if cases are reported from certain regions of a country,
it cannot be excluded that the virus can reach the area close to the airport(s) of the country.
This could occur either via virus-carrying vectors (mechanical transport or movement
within the limits of their flight capacity [23]) and/or via viremic hosts transported due to
legal or illegal trade purposes or migration [24]. These hosts could be bitten by competent
(i.e., vector with biological suitability to transmit the pathogen) and/or abundant disease
vectors present at the area close to the airport(s), which could become infected. Additionally,
from the point of view of data availability, a number of outbreaks have only been reported
at national level and could not be linked to a specific district [3,25,26].

4.2.2. Vectors

RVFV has been identified so far in over 30 species of mosquitoes from seven dif-
ferent genera (Aedes, Anopheles, Coquillettidia, Culex, Eretmapoites, Mansonia, and Ochlero-
tatus) [2,13,15]. According to the same references, of these genera, Aedes and Culex are
considered as the most important from the point of view of vector competence and abun-
dance. In Europe, several potential RVFV vectors are currently present. For instance, Aedes
vexans vexans, Ochlerotatus caspius, and Culex pipiens have a known distribution in the
United Kingdom [2,23]. From a disease exposure point of view, continued vector importa-
tion events from RVF-affected countries, in combination with climatic and environmental
changes, could increase the likelihood of the disease vectors being established and adapted
to new environments [27]. Additionally, climatic, environmental, and genetic changes
could result in changes in competence and capacity (i.e., external factors such as number
and lifespan of the vector, feeding preferences of the host) of local (European) potential
vectors [23], enabling them to transmit the virus once infected. Therefore, in this study
we were interested in mosquitoes of any species considered as RVFV vectors that have
been found aboard direct flights (see Section 4.2.4.) from the countries considered (see the
Section 4.2.1) to European countries.
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4.2.3. Spatio-Temporal Characteristics of RVFV

The epidemiological cycle of RVFV has been mainly reported in three distinct en-
vironments (i.e., in the dambos, semi-arid, and irrigation regions). First, in the dambos
regions (i.e., shallow depressions providing an ideal mosquito habitat when flooded) seen
in eastern and southern Africa, the transmission cycle of RVFV depends on rainfall, and
the beginning of the epidemic period is correlated with heavy precipitation, often linked
with the El Nino Southern Oscillation [3,28,29]. In dry seasons, the maintenance of the
virus may be linked to transovarial transmission of the Aedes mcintoshi mosquito [30,31].

Secondly, in semi-arid regions, found in West Africa, the mechanism for virus persis-
tence remains unclear. In these regions, RVFV outbreaks have not been correlated with
increased rainfall, and were often observed during years of rainfall deficit [32-34]. Previous
research suggests that a rainless period lasting at least for a week, followed by large precip-
itation at the end of rainy season might have triggered RVF outbreaks in Mauritania and
northern Senegal [35-37]. In dry seasons, the virus might be maintained due to transovarial
transmission of Aedes mcintoshi as demonstrated in East Africa or through an unknown
wildlife reservoir [15,29].

Thirdly, in irrigation regions, permanent bodies of water enable year-long transmission
of RVFV mainly through Culex species mosquitoes [29]. The RVFV transmission mecha-
nisms have also been assessed in a temperate and mountainous area of Madagascar [38,39].
Given the distinct epidemiological cycle of RVFV in different ecological systems and the
availability of entomological data only from outbreaks that occurred in dambos regions in
Kenya and Sudan [40,41], this model provides estimations specifically for East Africa.

4.2.4. Flights

In this model, only direct flights originating from the countries considered (see the
Section 4.2.1.) and flying to European countries were taken into account. Since it has
been observed that mosquitoes can survive long-distance flights [42], some European
countries (e.g., United Kingdom (UK), France, Italy), require disinsection of selected
flights originating from African countries as a preventive measure mainly against malaria,
yellow fever, and dengue fever. Given the geographic distribution of these diseases, the
disinsection policy also covers flights from countries previously affected by RVE. Despite
these measures, it has been shown that mosquitoes are able to survive long-distance flights
in aircraft flying from Africa to European countries with a disinsection policy (e.g., [43,44]).

Only flights accomplished during the period May to October were considered. This
is the period when mosquito populations, including RVFV potential vectors, are present
in European countries [45]. Therefore, from the perspective of a potential disease spread,
this would be the riskiest period for an epidemiological cycle of RVF to be formed in a
European country, under specific circumstances (e.g., environmental changes, presence of
ruminants). This timeframe also includes the timing of occurrence of most RVF outbreaks,
as has been seen in East (vaguely from December to June [3,46]) and West African countries
(vaguely from September to November [34,47]). Thus, this would be the riskiest period for
mechanical transportations of RVFE-carrying mosquitoes to European countries to occur. It
should also be highlighted that the calculation of this model is not for a random year period
but for a year period in which an epidemic occurs in Africa, since there are inter-epizootics
periods of 5-15 years.

4.3. Hazard Identification

Given the aforementioned considerations, the hazard in this study was considered to
be the RVFV-infected mosquitoes that are mechanically transported by planes, in direct
flights from affected countries (as previously defined) to European countries, in the case
of an outbreak in affected countries. These mosquitoes belong to species that are known
vectors of RVFV, even if not currently present in Europe. The introduction of the virus into
European countries via this pathway is an essential and fundamental prerequisite for the
potential transmission of the virus within these countries and, therefore, the introduction
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of the disease. As previously described, the model was parametrized for the case of flights
from East African countries to the United Kingdom and for the period between May
and October.

4.4. Model Description and Equations

The model pathway describing the introduction of RVFV into a European country
via virus-infected mosquitoes on planes is presented in Figure 3. Table 2 summarizes the
variables, formulas, and values used in the model.

Number of mosquitoes
mechanically
transported in a direct
flight from a RVF-
affected country to an
EU country (N;)

(

- mechanically transported

Number of mosquitoes

by planes, in direct flights
R & fromRVF_affected

.........................‘. COuntriesto an EU country
- (N7) - (Number of RVFV-infected\

- J

Number of direct
flights from RVF-
affected countries to

mosquitoes mechanically
transported by planes, in
direct flights from RVF-
affected countries to an
EU country (N)

random mosquito
" J

being infected with
RVFV in a RVF-
affected country (p)

an EU country (F)

ettt e sssssssssen,
Ssevssnnnnsnnnne’®

®eesessscsssssssssessncsnet Probabilityofa

J

Figure 3. Model framework describing the introduction of RVFV-infected mosquitoes into an EU country, mechanically
transported by commercial planes originating from RVF-affected countries.

Table 2. Summary of the variables and formulas of the model.

Variable Description Formula/Value(s) Reference

Probability of a random mosquito being infected with RVFV in an RVF-affected country (p)
Probability of a random mosquito being
p1 infected with RVFV in an RVF-affected ~Beta(s+1, v —s+1)
country—individual mosquito testing data
Number of infected mosquitoes from

s affected area 32 [40]
v Total number of mosquitoes tested from 354 [40]
affected area
Maximum likelihood estimation of 1/1
Y
MLE prevalence of RVFV in mosquitoes 1- <1 - Y) [48]
Y Number of positive mosquito pools 23 [41]

X Number of mosquito pools tested 105 [41]
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Table 2. Cont.
Variable Description Formula/Value(s) Reference

) Pool size 10 Assumed (based on [41])
Probability of a random mosquito being
infected with RVFV in an RVF-affected — MLE

pa country—mosquito pool testing with Pa=

constant pool size data

Probability of a random mosquito being Uniform (min, max),

P infected with RVFV in an where min and max are from

RVF-affected country

{p1 and p}

Number of RVFV-infected mosquitoes mechanically transported by planes, in direct flights from RVF-affected countries to an
EU country (N)

N

PS]

Ps

Nt

Number of mosquitoes mechanically
transported in a direct flight from an
RVEF-affected country to an EU country
Number of passengers from RVF-affected
countries, from May to October aboard direct
flights to an EU country

Average number of passengers per flight

Average number of direct flights to an
EU-country from RVF-affected countries,
during a specified time period
Number of mosquitoes mechanically
transported by planes, in direct flights from
RVF-affected countries to an EU country
Number of RVFV-infected mosquitoes
mechanically transported by planes, in direct
flights from RVF-affected countries to an EU
country (N)

~Discrete({0,1,2,3},{0.5,0.1,0.2,0.2}) [43,44,49]

sl
e.g., From East Africa * to the [50]

UK: 132 750
Assumed (based on data from
124 . . . .
airlines and aircraft size)
P
P= b2
NT = Nl * F

N = Binomial(Nt, p)

Legend: 1 Flights from Burundi, Djibouti, Ethiopia, Kenya, Rwanda, Somali Republic, Sudan, Tanzania, Uganda.

4.4.1. Probability of a Random Mosquito Being Infected with RVFV in an RVF-Affected

Country (p)

To estimate the probability of a mosquito being infected with RVFV in an RVF-affected

African country (p), data on the mosquito infection rates is required. The methodology of
entomological studies estimating infection rates in mosquitoes can vary. Most studies on
RVF surveillance have done so by grouping mosquito samples into pools (e.g., [41]), while
others have used individual mosquito testing (e.g., [40]). Therefore, the probability of a
random mosquito testing positive (i.e., infected with RVFV) during an entomological study
undertaken in an affected country, can be estimated in different ways (see the following
sections “Individual mosquito testing” and “Mosquito pool testing with constant pool
size”). As described in the Section 4.2”, in this study we took into account the countries as
a whole, and not just the regions where outbreaks have occurred.

Individual Mosquito Testing

In the case of the availability of data from individual mosquito testing (case one), the
uncertainty over the probability of a random mosquito testing positive (i.e., infected with
RVFV), denoted p; for case one, can be estimated using a Beta distribution:

p; ~ Beta(s +1, v —s + 1), (1)
where s is the number of infected mosquitoes and v is the total number of mosquitoes tested.

Mosquito Pool Testing with Constant Pool Size

In the case of the availability of data from mosquito pool testing where the pool size
is constant (case two), the statistical estimation of the probability of a random mosquito
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testing positive (i.e., infected with RVFV), denoted p; for case two, can be based on testing
results using the maximum likelihood estimation (MLE), as developed by [51] (expressed
by [48]):

Y 1/1
pZZMLE:1—<1—X> @

where Y is the number of positive pools, X is the number of pools tested, and [ is the
pool size.

Probability of a Random Mosquito Being Infected with RVFV in an RVE-Affected
Country (p)

As described in the section “Considerations and assumptions”, in this study we took
into account the countries as a whole, and not just the regions where outbreaks have
occurred. Given this assumption, the uncertainty around the probability of a random
mosquito being infected with RVFV in an RVF-affected country (p) can be estimated
as follows:

p ~ Uniform (min, max), 3)

where min and max are from {p1, py, ...} and estimated using Equations (1) and (2).

To illustrate the description of this model, the probability of a random mosquito
being infected with RVFV in RVF-affected East African countries (p) was calculated us-
ing Equation (3) (Table 2). For the parametrization of this model, data from previous
entomological studies performed in Kenya [41] and Sudan [40] were used. During the
entomological studies undertaken in Sudan, individual mosquitoes were tested, thus
Equation (1) was used to estimate prevalence for this country (p;). During the studies
performed in Kenya, mosquito pools of assumed constant size were tested and, therefore
Equation (2) was used to estimate prevalence for this country (py).

4.4.2. Number of Mosquitoes Mechanically Transported by Planes, In Direct Flights from
RVE-Affected Countries to a European Country (Nr)

The number of mosquitoes mechanically transported by planes, in direct flights from
RVEF-affected countries to a European country (N7) can be estimated as follows:

Nt = N; + F (4) 4)

where N7 is the number of mosquitoes mechanically transported in a direct flight from an
RVEF-affected country to a European country and F is the average number of flights to a
European country from RVF-affected countries during a time period of interest.

In order to estimate the uncertainty around the number of mosquitoes mechanically
transported in a direct flight from an RVF-affected country to a European country (N1), a
Discrete distribution can be employed (Table 1).

To parametrize this model, data from three available studies [43,44,49] were used to
estimate Nj. In the first study, Karch et al. (2001) [43] performed a survey in Roissy airport
(France) from mid-August to the end of September 2000. France is a country requiring
disinsection of flights from malarian countries, that coincide with countries previously
affected by RVE. For their study, 42 aircraft, all arriving from tropical Africa, were examined
on arrival and in total 6 live mosquitoes were found, divided in three different flights.
In the second study, Hutchinson et al. (2005) [44] searched for mosquitoes in 52 aircraft
that had flown from Africa and arrived at Gatwick airport (United Kingdom (UK)). UK is
also a country requiring disinsection of flights from the same countries as France. In this
study 52 aircraft were searched and 3 live mosquitoes were found, in three flights searched.
In the third study, Scholte et al. (2014) [49] searched 38 aircraft from overseas airports
immediately after landing at Amsterdam Schiphol airport, the Netherlands (2010 and 2011).
Thirteen live mosquitoes in total (with a maximum of 3 mosquitoes found per aircraft) were
collected in 10 aircraft, all originating from Africa. The authors mentioned that the Royal
Dutch Airlines (KLM) follows a disinsection policy to control possible disease vectors when
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leaving designated countries, but highlighted that the policy of other flying companies
is unknown.

Moreover, given the fact that the illustration of the model is performed in the case of a
country with a disinsection policy (i.e., the UK), we took into account a potentially lower
probability of no mosquitoes being found than what is seen in the three studies considered
for the parametrization (i.e., 0.5). However, this was decided in order to include the case
that disinsection is not, or is not properly, performed.

Given our previously described considerations and assumptions, this model calculated
(Table 2) and considered the average number of flights to the UK from RVF-affected
countries of East Africa (assuming an equal p in these countries), from May to October.
For this, data from the Civil Aviation Authority on the number of passengers aboard these
flights were used [50] (Table 2).

4.5. Model Implementation

The model was implemented in @Risk 7 (© Palisade Corporation, Ithaca, NY, USA),
an add-on package within Microsoft Excel 2016 (© Microsoft, Redmond, WA 98052, United
States). The model was run for 50,000 iterations to allow for convergence of the mean
within 3%.

The model output, that is the number of RVFV-infected mosquitoes mechanically
transported by planes, in direct flights from RVF-affected countries (in this case estimated
for East African countries) to a European country (in this case estimated for the UK as an
example of RVF-free country) (N) was estimated as follows:

N = Binomial (N1, p) )

where N7 is the number of mosquitoes mechanically transported by planes, in direct flights
from RVF-affected countries to a European country (Equation (4)) and p is the probability
of a random mosquito being infected with RVFV in an RVF-affected country (Equation (3)).

5. Conclusions

Using a stochastic approach, we estimated the risk of RVFV introduction between
May and October (a period when mosquito populations, including RVFV potential vectors,
are present in European countries), into previously unaffected areas (e.g., United Kingdom,
UK) via virus-carrying vectors traveling in commercial aircraft from RVF-affected countries
(e.g., East Africa) as low but not negligible. The model developed should be easily scaled
up to other European countries by amending appropriately country-specific variables in
order to map the areas/airports of higher risk and inform risk management per country
accordingly in order to adopt risk-mitigation measures.

Author Contributions: Writing—original draft preparation, M.-E.F,; writing—review and editing,
M.-E.F. and C.S. All authors have read and agree to the published version of the manuscript.
Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors would like to thank Rowena Kosmider (Animal and Plant Health
Agency (APHA), Department of Epidemiological Sciences, UK) for her input in initial phases of
this study.

Conflicts of Interest: The authors declare no conflict of interest.



Pathogens 2021, 10, 541 12 of 13

References

1.  Turell, M.J.; Dohm, D.J.; Geden, C.J.; Hogsette, ].A.; Linthicum, K.J. Potential for stable flies and house flies (Diptera: Muscidae)
to transmit Rift Valley fever virus. J. Am. Mosq. Control. Assoc. 2010, 26, 445-448. [CrossRef]

2. EFSA (European Food Safety Authority). Opinion of the scientific panel on animal health and welfare on a request from the Commission
related to “The risk of a Rift Valley Fever incursion and its persistence within the community”. EFSA J. 2005, 3, 238. [CrossRef]

3.  Sindato, C.; Pfeiffer, D.U.; Karimuribo, E.D.; Mboera, L.E.G.; Rweyemamu, M.M.; Paweska, ].T. A Spatial Analysis of Rift Valley
Fever Virus Seropositivity in Domestic Ruminants in Tanzania. PLoS ONE 2015, 10, 7. [CrossRef] [PubMed]

4. Pepin, M.; Bouloy, M,; Bird, B.H.; Kemp, A.; Paweska, J. Rift Valley fever virus (Bunyaviridae: Phlebovirus): An update on
pathogenesis, molecular epidemiology, vectors, diagnostics and prevention. Vet. Res. 2010, 41, 61. [CrossRef] [PubMed]

5. Archer, B.; Thomas, J.; Weyer, J.; Cengimbo, A.; Landoh, D.E.; Jacobs, C.; Ntuli, S.; Modise, M.; Mathonsi, M.; Mashishi, M.S.; et al.
Epidemiologic Investigations into Outbreaks of Rift Valley Fever in Humans, South Africa, 2008-2011. Emerg. Infect. Dis. 2013,
19, 1918-1925. [CrossRef]

6.  Al-Hazmi, M.; Ayobanji Ayoola, E.; Abdurahman, M.; Banzal, S.; Ashraf, ]. Epidemic Rift Valley Fever in Saudi Arabia: A Clinical
Study of Severe Illness in Humans. Clin. Infect. Dis. 2003, 36, 245-252. [CrossRef]

7. Gerdes, G.H. Rift Valley fever. Rev. Sci. Tech. 2004, 23, 613-623. [CrossRef] [PubMed]

8. Muga, G.O.; Onyango-Ouma, W.; Sang, R.; Affognon, H. Sociocultural and Economic Dimensions of Rift Valley Fever. Am. |. Trop.
Med. Hyg. 2015, 92, 730-738. [CrossRef]

9. Rich, K.M.; Wanyoike, F. An Assessment of the Regional and National Socio-Economic Impacts of the 2007 Rift Valley Fever
Outbreak in Kenya. Am. J. Trop. Med. Hyg. 2010, 83, 52-57. [CrossRef] [PubMed]

10. WHO. Rift Valley Fever. 2016. Available online: http:/ /www.who.int/mediacentre/factsheets/fs207/en/ (accessed on 12 March 2021).

11. EFSA AHAW Panel (European Food Safety Authority. Panel on Animal Health and Welfare). Rift Valley Fever—Epidemiological
update and risk of introduction into Europe. EFSA ]. 2020, 18, 6041.

12.  OIE. World Organization for Animal Health. Rift Valley fever vaccine development, progress and constraints. In Proceedings
of the GF-TADs Meeting, Rome, Italy, 19-21 January 2011; FAO Animal Production and Health Proceedings No. 12: Rome,
Italy, 2011.

13.  Wint, W.; Van Bortel, W.; Schaffner, F. RVF Vector Spatial Distribution Models. In Probability of Presence; EFSA Supporting
Publication: Parma, Italy, 2020; EN-1800. [CrossRef]

14. Kasari, T.R.; Carr, D.A,; Lynn, T.V.; Weaver, ].T. Evaluation of pathways for release of Rift Valley fever virus into domestic
ruminant livestock, ruminant wildlife, and human populations in the continental United States. ]. Am. Vet. Med. Assoc. 2008,
232,514-529. [CrossRef] [PubMed]

15. Rolin, A.; Berrang-Ford, L.; Kulkarni, M.A. The risk of Rift Valley fever virus introduction and establishment in the United States
and European Union. Emerg. Microbes Infect. 2013, 2, 81. [CrossRef]

16.  Murphy, G.; Vaux, A.; Medlock, J. Challenges in undertaking mosquito surveillance at UK seaports and airports to prevent the
entry and establishment of invasive vector species. Int. |. Environ. Health Res. 2012, 23, 181-190. [CrossRef]

17.  Golnar, A.J,; Turell, M.].; LaBeaud, A.D.; Kading, R.C.; Hamer, G.L. Predicting the Mosquito Species and Vertebrate Species
Involved in the Theoretical Transmission of Rift Valley Fever Virus in the United States. PLoS Negl. Trop. Dis. 2014, 8, e3163.
[CrossRef] [PubMed]

18. de Vos, CJ.; Taylor, R.A.; Simons, R.R.L.; Roberts, H.; Hultén, C.; de Koeijer, A.A.; Lyytikdinen, T.; Napp, S.; Boklund, A.;
Petie, R.; et al. Cross-Validation of Generic Risk Assessment Tools for Animal Disease Incursion Based on a Case Study for African
Swine Fever. Front. Vet. Sci. 2020, 7, 56. [CrossRef] [PubMed]

19. EFSA AHAW Panel (European Food Safety Authority. Panel on Animal Health and Welfare). Scientific Opinion on Rift Valley
Fever—assessment of effectiveness of surveillance and control measures in the EU. EFSA ]. 2020, 18, 6292.

20. Simons, RR.L.; Croft, S.; Rees, E.; Tearne, O.; Arnold, M.E.; Johnson, N. Using species distribution models to predict potential
hot-spots for Rift Valley Fever establishment in the United Kingdom. PLoS ONE 2019, 14, e0225250. [CrossRef]

21. Murray, N.; MacDiarmid, S.C.; Wooldridge, M.; Gummown, B.; Morley, R.S.; Weber, S.E.; Giovannini, A.; Wilson, D. Introduction
and Qualitative Risk Analysis. In World Organization for Animal Health (OIE) Handbook on Import Risk Analysis for Animals and
Animal Products; 2004; Volume 1, Available online: http:/ /www.oie.int/doc/ged /D6586.pdf (accessed on 12 March 2021).

22.  Youssouf, H.; Subiros, M.; Dennetiere, G.; Collet, L.; Dommergues, L. Rift Valley Fever Outbreak, Mayotte, France, 2018-2019.
Emerg. Infect. Dis. 2020, 26, 769-772. [CrossRef]

23. Chevalier, V.,; Pepin, M.; Plee, L.; Lancelot, R. Rift Valley fever-a threat for Europe? Eurosurveillance 2010, 15, 19506. [CrossRef]

24. Pfeffer, M.; Dobler, G. Emergence of zoonotic arboviruses by animal trade and migration. Parasites Vectors 2010, 3, 35. [CrossRef]

25.  WHO, World Health Organization. Geographic Distribution of Rift Valley Fever Outbreaks. 2009. Available online: www.who.
int/csr/disease/riftvalleyfev/Global _RVF_20090908.png (accessed on 12 March 2021).

26. WHO. Mapping the Risk and Distribution of Epidemics in the WHO African Region. A Technical Report. 2016. Available online:
https:/ /apps.who.int/iris/handle/10665/206560 (accessed on 12 March 2021).

27. Medlock, J.; Leach, S.A. Effect of climate change on vector-borne disease risk in the UK. Lancet Infect. Dis. 2015, 15, 721-730. [CrossRef]

28. Anyamba, A.; Linthicum, K.J.; Tucker, C.J. Climate—Disease connections: Rift Valley fever in Kenya. Cad. Saude Publica 2001,

17,5133-5140. [CrossRef] [PubMed]


http://doi.org/10.2987/10-6070.1
http://doi.org/10.2903/j.efsa.2005.238
http://doi.org/10.1371/journal.pone.0131873
http://www.ncbi.nlm.nih.gov/pubmed/26162089
http://doi.org/10.1051/vetres/2010033
http://www.ncbi.nlm.nih.gov/pubmed/21188836
http://doi.org/10.3201/eid1912.121527
http://doi.org/10.1086/345671
http://doi.org/10.20506/rst.23.2.1500
http://www.ncbi.nlm.nih.gov/pubmed/15702723
http://doi.org/10.4269/ajtmh.14-0363
http://doi.org/10.4269/ajtmh.2010.09-0291
http://www.ncbi.nlm.nih.gov/pubmed/20682906
http://www.who.int/mediacentre/factsheets/fs207/en/
http://doi.org/10.2903/sp.efsa.2020.EN-1800
http://doi.org/10.2460/javma.232.4.514
http://www.ncbi.nlm.nih.gov/pubmed/18279085
http://doi.org/10.1038/emi.2013.81
http://doi.org/10.1080/09603123.2012.713094
http://doi.org/10.1371/journal.pntd.0003163
http://www.ncbi.nlm.nih.gov/pubmed/25211133
http://doi.org/10.3389/fvets.2020.00056
http://www.ncbi.nlm.nih.gov/pubmed/32133376
http://doi.org/10.1371/journal.pone.0225250
http://www.oie.int/doc/ged/D6586.pdf
http://doi.org/10.3201/eid2604.191147
http://doi.org/10.2807/ese.15.10.19506-en
http://doi.org/10.1186/1756-3305-3-35
www.who.int/csr/disease/riftvalleyfev/Global_RVF_20090908.png
www.who.int/csr/disease/riftvalleyfev/Global_RVF_20090908.png
https://apps.who.int/iris/handle/10665/206560
http://doi.org/10.1016/S1473-3099(15)70091-5
http://doi.org/10.1590/S0102-311X2001000700022
http://www.ncbi.nlm.nih.gov/pubmed/11426274

Pathogens 2021, 10, 541 13 of 13

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Chevalier, V.; de la Rocque, S.; Baldet, T.; Vial, L.; Roger, F. Epidemiological processes involved in the emergence of vector-borne
diseases. West Nile fever, Rift Valley fever, Japanese encephalitis and Crimean-Congo haemorrhagic fever. Rev. Sci. Tech. 2004,
23, 535-555. [CrossRef] [PubMed]

Linthicum, K.J.; Davis, EG.; Kairo, A.; Bailey, C.L. Rift Valley fever virus (family Bunyaviridae, genus Phlebovirus). Isolations
from Diptera collected during an inter-epizootic period in Kenya. J. Hyg. 1985, 95, 197-209. [CrossRef] [PubMed]

Mweya, C.N.; Kimera, S.I.; Mellau, L.S.; Mboera, L.E. Inter-epidemic abundance and distribution of potential mosquito vectors
for Rift Valley fever virus in Ngorongoro district, Tanzania. Glob. Health Action 2015, 8. [CrossRef] [PubMed]

Faye, O.; Diallo, M.; Diop, D.; Bezeid, O.; Ba, H.; Niang, M.; Dia, I.; Mohamed, S.; Ndiaye, K. Rift valley fever outbreak with
East-Central African virus lineage in Mauritania, 2003. Emerg. Infect. Dis. 2007, 13, 1016-1023. [CrossRef]

Soti, V.; Tran, A.; Degenne, P; Chevalier, V.; Lo, S.D.; Thiongane, Y.; Diallo, M.; Guégan, ].E; Fontenille, D. Combining hydrology
and mosquito population models to identify the drivers of Rift Valley fever emergence in semi-arid regions of West Africa.
PLoS Negl. Trop. Dis. 2012, 6, 8. [CrossRef]

Caminade, C.; Jacques, A.; Diallo, N.M.; Dave, A.; MacLeod, D.A.; Faye, O.; Ba, Y.; Dia, I.; Morse, A.P. Rift Valley Fever Outbreaks
in Mauritania and Related Environmental Conditions. Int. J. Environ. Res. Public Health 2014, 11, 903-918. [CrossRef]

Ndione, J.A.; Besancenot, ].P.; Lacaux, J.P.; Sabatier, P. Environment and epidemiology of Rift Valley fever in the lower basin of
the Senegal river. Environ. Risques St. 2003, 2, 176-182.

Ndione, ].A.; Diop, M.; Lacaux, J.P.; Gaye, A.T. Rainfall intraseasonal variability and Rift Valley fever emergence in Senegal river
basin: New considerations. Climatologie 2008, 5, 83-97. [CrossRef]

Talla, C.; Diallo, D.; Dia, I.; Ba, Y.; Ndione, J.A.; Morse, A.P,; Diop, A.; Diallo, M. Modelling hotspots of the two dominant Rift
Valley fever vectors (Aedes vexans and Culex poicilipes) in Barkédji, Sénégal. Parasites Vectors 2016, 9, 111. [CrossRef]
Chevalier, V.; Rakotondrafara, T.; Jourdan, M.; Heraud, ].M.; Andriamanivo, H.R.; Benoit, D.; Julie, R.; Pierre, E.R.; Rene, R. An
Unexpected Recurrent Transmission of Rift Valley Fever Virus in Cattle in a Temperate and Mountainous Area of Madagascar.
PLoS Negl. Trop. Dis. 2011, 5, €1423. [CrossRef] [PubMed]

Nicolas, G.; Durandb, B.; Duboz, R.; Rakotondravao, R.; Chevalier, V. Description and analysis of the cattle trade network in the
Madagascar highlands. Potential role in the diffusion of Rift Valley fever virus. Acta Tropica 2013, 126, 19-27. [CrossRef]

Seufi, A.M.; Galal, EH. Role of Culex and Anopheles mosquito species as potential vectors of rift valley fever virus in Sudan
outbreak, 2007. BMC Infect. Dis. 2010, 11, 65. [CrossRef] [PubMed]

LaBeaud, A.D.; Sutherland, L.J.; Muiruri, S.; Muchiri, EM.; Gray, L.R.; Zimmerman, P.A.; Hise, A.G.; King, C.H. Arbovirus
prevalence in mosquitoes, Kenya. Emerg. linfect. Dis. 2011, 17, 233-241. [CrossRef]

Ibéfiez-Justicia, A.; Smitz, N.; den Hartog, W.; van de Vossenberg, B.; De Wolf, K.; Deblauwe, 1.; Van Bortel, W.; Jacobs, E;
Vauz, A.G.C.; Medlock, ].M.; et al. Detection of exotic mosquito species (Diptera: Culicidae) at international airports in Europe.
Int. ]. Environ. Res. Public Health 2020, 17, 3450. [CrossRef]

Karch, S.; Dellile, M.E,; Guillet, P.; Mouchet, ]. African malaria vectors in European aircraft. Lancet 2001, 357, 235. [CrossRef]
Hutchinson, R.; Bayoh, M.; Lindsay, S. Risk of airport malaria in the UK. European Mosquito Bulletin. J. Eur. Mosq. Cont. Assoc.
2005, 19, 12-13.

Medlock, ].M.; Snow, K.R.; Leach, S. Possible ecology and epidemiology of medically important mosquito-borne arboviruses in
Great Britain. Epidemiol. Infect. 2007, 135, 466-482. [CrossRef] [PubMed]

Anyamba, A.; Chretien, J.-P.; Small, ].; Tucker, C.-J.; Pierre, B.; Formenty, E.-P; Richardson, J.-H.; Britch, S.-C.; Schnabel, D.-C.;
Erickson, R.-L.; et al. Prediction of a Rift Valley fever outbreak. Proc. Natl. Acad. Sci. USA 2009, 106, 955-959. [CrossRef] [PubMed]
Diallo, M.; Lochouarn, L.; Ba, K,; Sall, A.A.; Mondo, M.; Girault, L.; Mathiot, C. First isolation of the Rift Valley fever virus from
Culex poicilipes (Diptera: Culicidae) in nature. Am. J. Trop. Med. Hyg. 2000, 62, 702-704. [CrossRef] [PubMed]

Gu, W,; Lapman, R.; Novak, R. Problems in Estimating Mosquito Infection Rates Using Minimum Infection Rate. . Med. Entomol.
2003, 40, 595-596. [CrossRef] [PubMed]

Scholte, E.; Ibatiez-Justicia, A.; Stroo, A.; De Zeeuw, J.; Hartog, W.D.; Reusken, C. Mosquito collections on incoming intercontinen-
tal flights at Schiphol International airport, the Netherlands, 2010-2011. J. Am. Mosq. 2014, 32, 17-21.

CAA, Civil Aviation Authority. UK Airport Statistics Annual. 2021. Available online: www.caa.co.uk/default.aspx?catid=80
&pagetype=88&sglid=3&fld=2011Annual (accessed on 12 March 2021).

Chiang, C.L.; Reeves, W.C. Statistical estimation of virus infection rates in mosquito vector populations. Am. |. Hyg. 1962,
75,377-391. [PubMed]


http://doi.org/10.20506/rst.23.2.1505
http://www.ncbi.nlm.nih.gov/pubmed/15702718
http://doi.org/10.1017/S0022172400062434
http://www.ncbi.nlm.nih.gov/pubmed/2862206
http://doi.org/10.3402/gha.v8.25929
http://www.ncbi.nlm.nih.gov/pubmed/25613346
http://doi.org/10.3201/eid1307.061487
http://doi.org/10.1371/journal.pntd.0001795
http://doi.org/10.3390/ijerph110100903
http://doi.org/10.4267/climatologie.794
http://doi.org/10.1186/s13071-016-1399-3
http://doi.org/10.1371/journal.pntd.0001423
http://www.ncbi.nlm.nih.gov/pubmed/22206026
http://doi.org/10.1016/j.actatropica.2012.12.013
http://doi.org/10.1186/1471-2334-10-65
http://www.ncbi.nlm.nih.gov/pubmed/20222979
http://doi.org/10.3201/eid1702.091666
http://doi.org/10.3390/ijerph17103450
http://doi.org/10.1016/S0140-6736(05)71339-8
http://doi.org/10.1017/S0950268806007047
http://www.ncbi.nlm.nih.gov/pubmed/16893487
http://doi.org/10.1073/pnas.0806490106
http://www.ncbi.nlm.nih.gov/pubmed/19144928
http://doi.org/10.4269/ajtmh.2000.62.702
http://www.ncbi.nlm.nih.gov/pubmed/11304058
http://doi.org/10.1603/0022-2585-40.5.595
http://www.ncbi.nlm.nih.gov/pubmed/14596271
www.caa.co.uk/default.aspx?catid=80&pagetype=88&sglid=3&fld=2011Annual
www.caa.co.uk/default.aspx?catid=80&pagetype=88&sglid=3&fld=2011Annual
http://www.ncbi.nlm.nih.gov/pubmed/13878878

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Model Framework 
	Considerations and Assumptions 
	Affected Countries 
	Vectors 
	Spatio-Temporal Characteristics of RVFV 
	Flights 

	Hazard Identification 
	Model Description and Equations 
	Probability of a Random Mosquito Being Infected with RVFV in an RVF-Affected Country (p) 
	Number of Mosquitoes Mechanically Transported by Planes, In Direct Flights from RVF-Affected Countries to a European Country (NT) 

	Model Implementation 

	Conclusions 
	References

