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Abstract

Bat-borne viruses have been linked to a number of zoonotic diseases; in 2014 there have

been human cases of Nipah virus (NiV) in Bangladesh and Ebola virus in West and Central

Africa. Here we describe a model designed to provide initial quantitative predictions of the

risk of entry of such viruses to European Union (EU) Member States (MSs) through four

routes: human travel, legal trade (e.g. fruit and animal products), live animal movements

and illegal importation of bushmeat. The model utilises available datasets to assess the

movement via these routes between individual countries of the world and EU MSs. These

data are combined with virus specific data to assess the relative risk of entry between EU

MSs. As a case study, the model was parameterised for NiV. Scenario analyses showed

that the selection of exporting countries with NiV and potentially contaminated trade prod-

ucts were essential to the accuracy of all model outputs. Uncertainty analyses of other

model parameters identified that the model expected number of years to an introduction

event within the EU was highly susceptible to the prevalence of NiV in bats. The relative

rankings of the MSs and routes, however, were more robust. The UK, the Netherlands and

Germany were consistently the most likely points of entry and the ranking of most MSs var-

ied by no more than three places (maximum variation five places). Legal trade was consis-

tently the most likely route of entry, only falling below human travel when the estimate of the

prevalence of NiV in bats was particularly low. Any model-based calculation is dependent

on the data available to feed into the model and there are distinct gaps in our knowledge,

particularly in regard to various pathogen/virus as well as host/bat characteristics. How-

ever, the strengths of this model lie in the provision of relative comparisons of risk among

routes and MSs. The potential for expansion of the model to include other routes and

viruses and the possibility of rapid parameterisation demonstrates its potential for use in an

outbreak situation.
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2 Introduction

In the current era there are many factors which connect disparate parts of the world, from tour-
ism to immigration and legal trade of goods to illegal trade of wild animals. However, along
with the inarguable benefits of such globalisation comes risk to human health. One of the big-
gest risks of an interconnected world is the potential spread of zoonotic diseases. In recent
times, we have seen geographical spread of cases of viruses such as Avian Influenza, Middle
East Respiratory Syndrome coronavirus (MERS-CoV) and Ebola virus (EBOV) at unprece-
dented distances from the initial source of the outbreak. This raises the concern that other
viruses that are currently restricted to more localised geographic areas, such as Nipah Virus
(NiV), may spread to many other countries. If entry of the virus occurs, there is the possibility
of exposure and transmission to humans, wildlife and/or livestock. As an example, an airline
passenger infectedwith EBOV entered Nigeria from Liberia and infected nine medical staff
and an airport official [1]. It is likely that such events will be sporadic and that, within the EU,
there will be rapid implementation of control measures to contain them. However, if the initial
control measures were to be ineffective, free trade and movement between European Union
(EU)Member States (MSs) could increase the risk that disease arising within one MS could
quickly spread within the EU. Spread within the EU will of course depend on a number of
other factors, such as whether the virus can get established, but if unprepared, the conse-
quences of virus entry could potentially be severe leading to an epidemic, or even pandemic.
Such consequences have been witnessed inWest Africa where over 20,000 suspected cases and
7,800 deaths have been reported due to the 2014 EBOV outbreak [2], which has been suggested
originated from only one human index case involving spill-over from a wildlife reservoir [3].
Bats are a known reservoir for a number of zoonotic viruses including NiV, and Marburg

virus and are also linked to other zoonotic diseases such as EBOV, and MERS-CoV [4–8]. Bats
infected with such viruses seldom display clinical signs but may shed virus in urine, faeces or
saliva [6, 9]. As such, they are a likely vector for both direct and indirect transmission to
humans and other animals. There have been cases of NiV in Bangladeshmost years since it
was first documented in 2001; in 2014 there were 30 human cases including 18 deaths [10].
The main risk factor for initial human infectionwith the Bangladesh strain of NiV is thought
to be consumption of date palm sap contaminated by bats [11], but more than half of the iden-
tified cases have resulted from person-to-person transmission [12]. Looking ahead, particularly
with current anthropogenic activities (e.g. deforestation, hunting of wildlife for bushmeat), it is
possible that there will be further spill-overs of viruses from bat populations to local wildlife
and human populations in areas where there have previously been limited interactions [13].
This coupled with our intricately connectedworld through trade and travel provides new
opportunities for wide-spread transmission of the viruses upon the initial spill-over event.
While there have been a number of recent rapid risk assessments in response to the MERS-

CoV and Ebola outbreaks [14–17], including assessments of the risk of individual routes [18,
19], there are few in-depth risk assessments, either qualitative or quantitative, considering the
risk of introduction of bat-borne zoonotic viruses into naïve human populations at a regional
level. Of note is a qualitative risk assessment of the introduction of henipaviruses into the
United Kingdom (UK), which identified a number of different pathways by which these viruses
could enter the UK and highlighted high levels of uncertainty due to data gaps [20].
This paper aims to develop a generic model framework to quantitatively assess the risk of

introduction of bat-borne zoonotic viruses into the EU. The Bangladesh strain of NiV, an
emerging paramyxovirus, has been selected as a case study for demonstrating the model func-
tion and outputs, due to its pandemic potential and link to humans through a non-animal food
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product (i.e. date palm sap). However, the model framework has been designed such that it can
be readily parameterised for other viruses (e.g. EBOV and MERS-CoV).
In this paper we first present the generic model framework, before describing the NiV spe-

cific parameterisation.Model results for the NiV parameterisation are presented, including sce-
nario analyses, followed by a discussion on the issues surrounding development and
parameterisation of a generic model framework. The overall aim of this work was to develop a
model that could be parameterised and run relatively quickly and easily, in order to provide a
quantitative assessment of risk that could be of benefit for researchers and policymakers in the
early stages of a novel virus outbreak. While this aim has been achieved, there is a reasonable
level of uncertainty in model outputs, due to the need for quality data to be available for all
countries and the data gaps surrounding virus specific parameters such as prevalence and viral
loads in animal species.

3 Materials & Methods

3.1 Overview

The model framework follows theWorld Organisation for Animal Health (OIE) code for
import risk analysis [21]. Under traditional OIE guidelines, there are three components of risk
assessment: entry assessment, exposure assessment and consequence assessment. This frame-
work only considers the entry assessment, stopping at the point at which the virus is introduced
into the EU, which we define to be prior to checks at customs/border inspection posts. Thus,
any infected connecting passengers (i.e. passengers who do not leave the airport before board-
ing another flight out of the country) and/or contaminated products stopped or seized at EU
customs or border inspection posts are considered to have constituted an introduction event.
The model does not consider the potential exposure of humans, livestock or wildlife to the
virus and the subsequent consequences given incursion.
The model is coded in the R software package. Due to the wide scope of the model, the need

for data to be available for all countries and the desire for the model to be used at short notice
to address questions in an outbreak situation, the baselinemodel is deterministic.Uncertainty
and variability are considered in a series of analyses using alternative parameter values, with
some analyses incorporating stochastic variability of specific parameters. The outputs of these
analyses should be considered alongside the baselinemodel results as plausible alternatives.

3.2 Output

The main output of the baselinemodel is an estimate of the annual probability of at least one
introduction event into each EUMS, j, PV(j). This is derived by combining the probability of at
least one introduction event from each of the routes included in the model, to produce an over-
all probability for each MS

PvðjÞ ¼ 1 �
YR

r¼1

ð1 � PrðjÞÞ; ð1Þ

where R is the total number of routes considered for the virus and Pr(j) is the probability of at
least one introduction event via route r to MS j per year. The average number of years to an
introduction event was calculated,
YV(j) = 1/PV(j), as well as ranking the risks between all 27 EUMSs, ZV(j) = {1:27}, to give an

indication of where in the EU an introduction event could be more likely.
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3.3 Routes included in the baseline model

Risk assessments for the importation of zoonotic viruses such as NiV and classical rabies into
specificMSs have been undertaken previously [20, 22, 23]. In addition to this, workshops have
been undertakenwithin specific EUMSs to investigate the most likely pathways for importa-
tion of exotic animal diseases [24–26]. Using this information, in conjunction with the risk fac-
tors identified as important in a previous review [27], the main routes included in the baseline
model were human travel, PH(j), legal trade of ‘at risk’ products (e.g. non-animal foodstuffs
such as fruit products and products of animal origin), PG(j), legal movement of susceptible ani-
mals (e.g. livestock, companion animals and those destined for scientific research or zoos),
PA(j), and illegal bushmeat trade, PB(j). As Eq 1 is multiplicative with respect to the routes, the
choice of routes can be amended for different viruses; e.g. inclusion of other routes, such as
movement of bats, both accidental (e.g. stowaway in a boat) and through natural migration,
that were not considered in the baselinemodel as previous research considered them to be of
lower priority [27].

3.4 Model Framework

The risk assessment model is initiated by determining the ‘exporting countries’, i.e. countries
where virus infection is strongly suspected to be circulating in bats, humans, or other animal
species. For each route, the risk of an introduction event (i.e. importation of at least one
infected/contaminated product per year) from each selected exporting country to each EUMS
was assessed, by calculating the annual probability that at least one product (i.e. human, ani-
mal, product of animal origin or foodstuffs) is infected/contaminated upon entry into the MS.
This estimate takes into account factors such as the probability an individual unit is infected
(or contaminated) in the exporting country, the survival of the virus over the duration of the
journey, whether the animal/human displays clinical signs and the annual volume of products
being imported. Fig 1 provides an overviewof the generic model framework.

3.5 Model Equations

Human travel. Human travel, within an ever-expanding air network, has become an
increasingly important pathway for the rapid introduction and proliferation of infectious dis-
eases in recent years. This was demonstrated by the SARS-CoVoutbreak in 2003, where within
weeks the disease infected over 8,000 individuals in 26 countries across 5 continents [28], and
to a lesser extent the 2014 West Africa EBOV outbreak where infection spread from Liberia to
Nigeria via a passenger on a commercial airline [1].
Passengers travelling to MS j, will likely have been in the exporting country k for a variety

of different reasons, e.g. a resident of MS j going on holiday, business or visiting friends or
relatives (VFR), or a resident of exporting country k going to MS j for similar reasons. The
risk of exposure to and infection with virusesmay differ between these groups. For example,
a major route of NiV-Bangladesh transmission to humans is through consumption of raw
date palm sap [29, 30], a traditional practice in some rural Bangladesh communities, but one
less likely to be practiced by people visiting on business. Additionally, visitors to exporting
country kmay only be there a short while and thus have a shorter time for exposure than
local residents. Thus, to account for these differences, the baselinemodel differentiates by
passenger type.
LetNH(i,j,k) be the total number of passengers of type i travelling from country k to MS j in

one year and pHin(i,k) be the probability of a passenger of type i being infected upon entering
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the EU, then the probability that at least one infected human enters MS j, PH(j), is given by

PHðjÞ ¼ 1 �
YK

k¼1

YI

i¼1

ð1 � pHinði; kÞÞ
NH ði;j;kÞ; ð2Þ

where I is the total number of passenger types and K is the total number of exporting countries
considered in the model.
It is assumed that any individual exhibiting clinical symptoms prior to travelling will not

travel as planned, either due to the severity of the symptoms or being prevented from boarding
by the relevant authorities. It is possible for a passenger infected with a zoonotic virus to
develop clinical signs rapidly during travel. However, it is assumed here that those passengers
will continue to their final EUMS destination, thus constituting an introduction event. There-
fore, the infected population that may travel are those individuals currently undiagnosed and
incubating disease (i.e. sub-clinically infected). This population is estimated by multiplying the
prevalence of infection in passenger type i, θ(i,k) by the incubation period of the virus,TIP(k).
Based on previous work [23], it is assumed that the incubation period follows a log normal

Fig 1. Overview of model framework, showing the important events in each route up to the point of entry to the EU. Green boxes highlight model

parameters/data inputs and purple boxes highlight model estimates.

doi:10.1371/journal.pone.0165383.g001
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distribution and new infected cases follow a Poisson process with rate λ(i,k)

lði; kÞ � Gamma yði; kÞ �
TIPðkÞ
365

; 1

� �

: ð3Þ

As the baselinemodel is deterministic, the mean of this distribution is used to describe the
probability of a passenger of type i being infected upon entering the EU

pHinði; kÞ ¼ �lði; kÞ ¼ yði; kÞ �
TIPðkÞ
365

: ð4Þ

To account for differences in prevalence between passenger types, the baseline prevalence of
infection in the exporting country is weighted by the average duration of stay (days) in the
exporting country, TDK(i,k),

yði; kÞ ¼
nHinfðkÞ
NpopðkÞ

�Min 1;
TDKði; kÞ

365

� �

; ð5Þ

where nHinf(k) is the number of human infections per year in the exporting country and
Npop(k) is the population of the exporting country. Note that if TDK(k) exceeds 365 days then
the passenger is there for the whole year and so the risk is equal to the baseline human preva-
lence in country k.

Legal trade import. There are large trade volumes of various products into the EU, includ-
ing frommany countries where bat-borne zoonotic viruses are present. Some trade products,
such as fruit, may have been contaminated with virus from wildlife reservoir species in the
exporting country, thereby posing a risk to the EU if the virus survives the journey. The Euro-
phyt database contains information on interceptions of harmful organisms in commodities
imported into the EU [31]. A few interceptions in recent years have been due to the presence of
viruses, but none were bat-borne viruses. The commodities intercepted generally have shown
visible signs of contamination, which may not be the case with the viruses considered here,
making detection less likely [31]. Additionally, products from susceptible animal speciesmay
also contain infectious virus depending on the severity and dissemination of the infection in
the animal.
LetNG(j,k,l,m) be the number of products of type l from exporting country k to MS j via

transport routem in one year, then the probability that at least one contaminated trade product
enters MS j in a year, PG(j), is given by

PGðjÞ ¼ 1 �
YK

k¼1

YL

l¼1

YM

m¼1

ð1 � pGinðj; k; l;mÞÞ
NGðj;k;l;mÞ; ð6Þ

where L is the total number of products,M is the total number of transport routes and pGin(j,k,
l,m) is the probability a trade product is contaminated upon entering MS j.
To determine whether a product is contaminated on arrival to an EUMS the model consid-

ers the prevalence of contamination in the raw product, pGraw(k), the initial concentration of
virus on a raw product in the exporting country and any reduction in viral load between initial
contamination of the raw product and arrival in the EUMS. Let c0(x) be the probability density
function associated with the initial viral load on a contaminated raw product and a(j,k,l,m) be
the initial concentration necessary for the product to still be considered contaminated upon
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arrival at the EUMS

pGinðj; k; l;mÞ ¼ pGrawðkÞPðx > aðj; k; l;mÞÞ

¼ pGrawðkÞð1 � Pðx � aðj; k; l;mÞÞÞ

¼ pGrawðkÞ 1 �

Zaðj;k;l;mÞ

x¼0

c0ðxÞdx

0

B
@

1

C
A

: ð7Þ

The calculation of a(j,k,l,m)will vary depending on the data used to parameterise it, e.g. it
could be a simple point value, or an estimate based on expected reductions in virus concentra-
tion at different stages of the trade chain. The baselinemodel is set up for possible reduction of
virus on the product prior to harvesting,Cenv(k,l), during processing,Cproc(k,l), and during
transport to the EUMS, Ctrans(j,k,l,m). The reduction at processing is a simple log reduction
based on the type of processing undertaken,while the reductions at harvesting and during
transport are calculated based on the half-life of the virus during that stage (CHLenv(k,l) and
CHLtrans(k,l) respectively) and the duration of time spent in the stage (THLenv(k,l) and THLtrans(k,
l) respectively) and thus represent the number of half-lives of the virus during that stage

Cenvðk; lÞ ¼ CHLenvðk; lÞ
� THLenvðk; lÞ

Ctransðj; k; l;mÞ ¼ CHLtransðj; k; l;mÞ
� THLtransðj; k; l;mÞ:

Thus in the baselinemodel

aðj; k; l;mÞ ¼ 2Cenvðk;lÞð2Ctransðj;k;l;mÞCmin � Cenvðk; lÞÞ; ð8Þ

where Cmin is a threshold viral load upon arrival at the EUMS, below which the product is con-
sidered not to be contaminated.
The default estimate for the prevalence of contamination in the raw products, pGraw(k), is

based on the estimated prevalence of active virus shedding in bats, pBinf(k), the bat contact rate
with the product, pBcontact(k) and seasonality of the virus, i.e. the proportion of the year that
bats can shed the virus, pseason(k)

pGrawðkÞ ¼ pBinf ðkÞ
�pBcontactðkÞ

�pseasonðkÞ: ð9Þ

Live animals. There are a number of reasons why live animals may be brought into the
EU, including livestock for production purposes, scientific research, for zoos and travelling per-
sonal companion animals. Animal species from an exporting countrymay become infected if
they are susceptible and are exposed to an infectious dose of virus. Similar to humans, there
may be a sub-clinical phase where these animals could arrive into the EU with undetected
infection, or like bats in the case of NiV, they may be asymptomatic carriers.
LetNA(s,j,k) be the number of animals of species s from exporting country k to MS j in one

year, then the probability at least one infected animal enters MS j, PA(j), is given by

PAðjÞ ¼ 1 �
YK

k¼1

YS

s¼1

ð1 � pAinðs; kÞÞ
NAðs;j;kÞ; ð10Þ

where S is the total number of animal species considered and pAin(s,k) the probability that an
animal of species s in exporting country k will be infected. If the species is an asymptomatic
carrier then the prevalence in the species in country k, is used, but if the species is thought to
develop clinical symptoms then a similar method to pHin(s,k) is used. Note we assume that
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animals showing clinical signs will not be imported. Let pAinf(s,k) be the prevalence of virus in
species s in country k and TAID(s,k) be the time to clinical signs in species s, then

pAinðs; kÞ ¼ �nAðs; kÞ;

nAðs; kÞ � Gamma yAðs; kÞ �
TAIDðs; kÞ

365
; 1

� �

;
ð11Þ

where

yAðs; kÞ ¼ pAinfðs; kÞ
�Min 1;

TADKðs; kÞ
365

� �

ð12Þ

and TADK(s,k) is the average duration of time an animal of species s spends in country k (365
days if a native animal, same as human tourists, TDK(k), if a companion animal).

Illegal bushmeat import. Bushmeat is a generic term to describemeat from a variety of
wild animal species. It is generally illegal to bring such products into the EU. Bats are consid-
ered bushmeat, but only make up a small proportion of illegal seizures [32–35]. However,
other species reported as bushmeat, such as non-human primates and duikers, are known to be
susceptible to a number of bat-borne viruses [36–38]. The model does not include any effects
of processing of bushmeat. There is evidence that bats are often smoked, which could reduce
the viability of viral particles within the meat, but there was insufficient evidence to determine
by how much and whether this would be sufficient to negate the risk of infection upon con-
sumption, as supported by the European Food Safety Authority (EFSA) report [19]. Bushmeat
can arrive at EUMSs by freight or post, but in this model we only consider the arrival of bush-
meat in the luggage of aircraft passengers.
The probability of at least one contaminated bushmeat consignment entering MS j in a year,

PB(j), is given by

PBðjÞ ¼ 1 �
YK

k¼1

YS

s¼1

YI

i¼1

ð1 � pBMinðs; i; j; kÞÞ
NH ðj;i;kÞ�pBMSpðsÞ; ð13Þ

where pBMSp(s) denotes the proportion of all bushmeat that is from species s and pBMIn(s,j,k) is
the probability of an individual consignment of contaminated bushmeat successfullymaking it
into MS j. This is estimated by combining the probability of a passenger of type i bringing in
bushmeat from exporting country k, pBM(i,j,k), and the probability that a consignment of bush-
meat is contaminated, pBMContam(s,k)

pBMinðs; i; j; kÞ ¼ pBMði; j; kÞ
� pBMContamðs; kÞ: ð14Þ

The actual number of bushmeat consignments entering the EU from country k is estimated
based on the number of bushmeat consignments seized in the EUMS,Nseized(i,j,k), and an
under-reporting factor based on the proportion of passengers luggage that are searched, pUF(j)

Nbmði; j; kÞ ¼ Nseizedði; j; kÞ=pUFðjÞ: ð15Þ

Therefore, we estimate the probability of a passenger of type i attempting to bring in bush-
meat from exporting country k, pBM(i,j,k)

pBMði; j; kÞ ¼
Nbmði; j; kÞ
NHði; j; kÞ

: ð16Þ

Modelling Entry of Viruses into the European Union

PLOS ONE | DOI:10.1371/journal.pone.0165383 October 27, 2016 8 / 19



4 Case Study: Nipah Virus

4.1 Parameterisation for NiV

A list of parameter estimates is given in Table 1. Further information on parameterisation is
provided in S1 Appendix).

4.2 Scenario analyses for NiV

To assess the performance of the model and the effect of uncertainty surroundingmodel esti-
mates, we considered a number of scenarios. These analyses use the NiV model as a baseline to
investigate the impact on the risk to the EU when key parameters are altered. Only the scenar-
ios which had the most impact on the baselinemodel results are reported here:

1. Inclusion of an annual probability of an outbreak of NiV in humans in country k, pob(k), so
NiV infections don’t necessarily occur every year

nHinfðk; tÞ ¼ nHinfðkÞ � Pobðk; tÞ

Pobðk; tÞ � Binomialð1; pobðkÞÞ
;

where, t is time (in years) and nHinf(k,t) is the number of human cases in country k at time t.

2. There is one human case of NiV in every exporting country (which included countries such
as Thailand, a popular tourist destination), nHinf(k) = 1, to allow for the potential for (unre-
ported) spill-over to humans in countries where infected bats are present. NB, we are not
suggesting there is strong evidence for infection in all these countries; it is a ‘worst case’ sce-
nario to investigate the adverse impact on the model outputs.

3. Reducing the prevalence of NiV in bats, PBInf(k), by 50% (3a), 75% (3b), 90% (3c) and 97.5%
(3d) and 99% (3e). The estimate for the prevalence in bats was considered relatively high
(0.2%) given current data and modelling assumptions such as heterogeneity in the preva-
lence within the bat-populations. These reductions corresponded to bat prevalences of 0.1%
(3a), 0.05% (3b), 0.02% (3c) 0.005% (3d) and 0.002% (3e).

4. Incorporate variability in the number of live animals in a consignment as the baseline
model uses an average value for all consignments;NA(s,j,k,c)~Multinomial(pAvar(s)), where c
is a consignment of species s and pAvar(s) is a vector of probabilities of a consignment con-
tainingNA animals, as derived from the TRACES data.

5. Allowing all passenger types, i, to potentially bring in bushmeat to the EU at the same rate,
pBM(k,i) = 1.1x10-4 for all i; the baselinemodel assumes that EU residents travelling on busi-
ness or holiday will not bring back bushmeat.

6. Reducing the probability of bushmeat being of bat origin, pBMSp(bat) = 0.15%. The baseline
estimate of 1.5% is based on a study conducted in the United States and may be an
overestimate.

7. Include China as an exporting country with 28 human cases per year. This scenario is sim-
ply to investigate the impact if NiV were to spread to another country with a lot of trade and
human travel links to the EU; there is no indication that NiV is actually present in China.

8. Remove grapes as an at risk trade product. This is a scenario designed simply to investigate
the impact of a change in at risk product types.

Modelling Entry of Viruses into the European Union
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Table 1. Parameterisation of the generic framework for entry of bat-borne zoonotic viruses into the European Union: NIV case study.

Parameter Description Values Reference

k Exporting Country Bangladesh (BGD), India (IND), Cambodia (CAM), East Timor

(TMR), Indonesia (IDN), Malaysia (MAL), Singapore (SIN),

Thailand (THA)

Assumed by authors

nHinf(k) Number of human infections in exporting

country k, in one year

BGD = 27, IND = 66, all other countries = 0 [10, 39, 40]

Npop(k) Population of country k Variable [41]

PHinf(k) Prevalence of human infection in

country k

nHinf(k)/Npop(k)

PBInf(k) Prevalence of active bat infection in

exporting country k

All countries = 0.2% Assumed by author based

on [9, 42–47]

PAinf(s,k) Prevalence of animal infection in

species s in exporting country k

Assumed same as human infection, due to lack of animal specific

data. Human prevalence considered better proxy than bat

prevalence as infection in bats is asymptomatic.

Assumed by authors

NH(i,j,k) Total passengers arriving at MS j from

exporting country k

Variable Eurostat dataset

avia_paexcc [48]

TIP(k) Average time to clinical symptoms of the

virus

9 days for all countries [49]

i Passenger Type Foreign Business (FB), Foreign holiday (FH), Foreign visit friends

and relatives (FVFR), Member State business (MSB), Member

State holiday (MSH), Member State visit friends and relatives

(MSVFR), Miscellaneous (MISC)*, international connectors

(CON)**

[50]

PassSplit(i,j) Split of passengers between types FB = 7.69%, FH = 7.69%, FVFR = 8.97%, MSB = 7.69%,

MSH = 39.74%, MSVFR = 11.54%, MISC = 5.13%,

CON = 11.54%

[50]

TDK(i,k) Duration of time (days) passenger type i

spends in exporting country k

{FB, FH, FVFR, CON} = 365 [50]

MSB = 18, MSH = 21, MSVFR = 37, MISC = 48

l Legal Trade products All products in FAOstat under section 8 –Fruits and derived

products (60 products in total).

[51]

NG(j,k,l,m) Volume (tonnes) of trade product, l,

imported to MS j from exporting country

k

Variable [51]

pBcontact(k) Probability of bat contact with raw

product

0.02 Estimated based on [52, 53]

Pseason(k) Proportion of the year bats may shed

active virus

1/3 [6]

c0(x) Initial viral load on product c0(x) ~ LogNormal(a,b), Estimated from [54]

mean = 2 log10 TCID50/mm,

variance = 2.25 log10 TCID50/mm

CHLenv(k,l) Half-life of NiV in environment, pre-

harvesting (hours)

6.15 Estimated based on [55]

THLenv(k,l) Duration of time spend in the

environment

24 hours Assumed by author

Cproc(k) Reduction in viral load (Log10 TCID50)

due to processing method

Raw product– 0, Prepared product– 1, processed product– 2,

chemically processed product– 3, thermal/high pressure treated

product– 3, thermal/high pressure treated concentrated product–

4, sterilised product—4.

See supplementary material

S1 Appendix

CHLtrans(j,k,l,

m)

Half-life of NiV during transport (hours) 308 Estimated based on [56]

THLtrans(j,k,l,

m)

Duration of journey between exporting

country and EU MS

Great circle distance (miles) / average speed of transport (mph). Assumed by author

Average speed is 25mph if m = sea and 500mph if m = air

Great circle distance estimated using spatial data from the

wrld_simpl map in the maptools package in R

(Continued )
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5 Results

At a MS level, the baselinemodel predicted the Netherlands and the United Kingdom to be the
most likely points of introduction (Fig 2). The Netherlands was the most likely legal trade desti-
nation, while the UK was the most likely destination for introduction via human travel, bush-
meat and live animals; although the risk from live animals was much lower than for other
routes.
The baselinemodel results (Table 2) suggested that legal trade was the most likely route of

introduction of NiV followed by bushmeat and human travel. The results from the scenario
analyses show that the uncertainty and variability surrounding the model parameterisation, in
particular the estimate for the prevalence in bats, can have considerable impact on the average
number of years to an EU introduction of NiV, relative to the baselinemodel parameterisation
(Table 2). However, the relative ranking between routes was more robust; the only scenarios to
have an impact on the relative ranking between the routes were those involving much lower
estimates for the bat prevalence.
For scenarios 1–6, the relative rankings of the MSs were fairly robust. The top three MSs

for all routes were always the UK, the Netherlands and Germany (Table 3). Between all 28
EU MSs, the largest variation in rank was 5 places, with Sweden falling from 5th to 9th in
scenario 3e, when a much lower estimate of bat prevalence is used. As might be expected,
there was greater variation in the ranking for scenarios 7–8, which involved changing the
exporting countries and/or at risk trade products, with some MSs changing by as much as
15 places.

Table 1. (Continued)

Parameter Description Values Reference

Cmin Minimum Viral load to consider product

contaminated in EU MS

1 Log10 TCID50 Assumed by author

s Live Animals species Canis familiaris (dog), Felis catus (cat), Mustela putorius furio

(ferret) and Tapirus spp. (tapir), Sus scrofa domesticus (domestic

pig) and all non-human primates

Based on evidence of prior

susceptibility to NiV [57–60]

NA(s,j,k) Number of live animals of species s,

imported to MS j from exporting country

k

Variable [61]

TADK(s,k) Duration of time animal of species type s

spends in exporting country k

Native animal = 365 days Assumed by author

Companion animal = TDK(MSH,k)

pBM(i,j,k) probability of a passenger attempting to

bring in bushmeat to MS j, from

exporting country k

0 for i = {MSB,MSH}, otherwise 1.10209*10−4 Based on data from UK

border force

Nseized(i,j,k) Number of bushmeat items seized in MS

j from exporting country k

Variable Based on data from UK

border force

PUF(j) Probability luggage is searched (i.e.

under reporting factor)

0.005 [33]

pBMSp(s) Probability bushmeat is of species s 1.5% Bats, 98.5% other species [35]

pBMcontam(s,

k)

Probability bushmeat is contaminated pBinf(k) if species is bat, otherwise assumed equal to pHinf(k) Assumed by author

*Miscellaneous includes travelling for study, to attend sporting events, for shopping, health, religious or for other purposes, together with visits for more than

one purpose when none predominates (e.g. business and holiday). Overseas visitors staying overnight en route to other destinations are also included. [50]

**International connectors is an estimated figure, consisting of passengers that are not travelling on a domestic flight and who have fallen outside the scope

of the survey (e.g. transferred planes at a UK airport without clearing customs)

doi:10.1371/journal.pone.0165383.t001
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Fig 2. Average number of years until an introduction event of NiV, by EU MS and route. Colour scale from red to green,

where red is the lower number of years before an introduction event.

doi:10.1371/journal.pone.0165383.g002
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6 Discussion

In this paper we have described the development of a risk assessment framework for the intro-
duction of bat-borne viruses to the EU through a number of routes previously identified to be a
risk, namely; human travel, legal trade (e.g. foodstuffs and products of animal origin), live ani-
mal movements and illegal importation of bushmeat. The model utilises large, freely available,
global datasets on human travel, legal trade and live animal movements to assess the volume of
traffic between individual countries of the world and EUMSs. The main strengths of this
model approach lie in the comparison of the relative risk of introduction between EUMSs,
running hypothetical future scenarios to investigate the impact of a change in factors such as
trade patterns or human demographics, interrogating what data are available and suggesting
areas where further research would be useful.

Table 2. Average number of years to an introduction of NiV for different scenarios, via the individual routes and all routes combined. Note that

further description of scenarios is provided in Section 4.2.

Scenario Human travel Legal trade Bush-meat Live animals All routes

Baseline 540 12 70 51649 10

1) Incorporate probability of outbreak 2440 12 70 51649 10

2) At least 1 human case in all exporting countries 153 12 70 51649 10

3a) Bat Infection 50% reduction 540 23 139 51649 19

3b) Bat Infection 75% reduction 540 46 276 51649 37

3c) Bat Infection 90% reduction 540 115 682 51649 83

3d) Bat Infection 97.5% reduction 540 459 2596 51649 226

3e) Bat Infection 99% reduction 540 1147 5915 51649 344

4) Vary number of live animals in consignment 540 12 70 35062 10

5) All passenger types carry bushmeat 540 12 37 51649 9

6) Prevalence of NiV in bat bushmeat = 0.15% 540 12 682 51649 12

7) Include China as an exporting country 328 3 40 46039 3

8) Remove Grapes as an at risk trade product 540 37 70 51649 23

doi:10.1371/journal.pone.0165383.t002

Table 3. Baseline relative ranking of MS risk of introduction of NiV from all routes, range (min–max ranking) over scenarios 1–6 and range over

all scenarios (including removal of grapes and addition of China).

Baseline

ranking

Member State Scenarios 1–6: Range

(min, max ranking)

All scenarios:

Range

Baseline

ranking

Member

State

Scenarios 1–6: Range

(min, max ranking)

All scenarios:

Range

1 The

Netherlands

1 (1, 2) 1 15 Ireland 1 (15, 16) 5

2 Great Britain 1 (1, 2) 1 16 Greece 5 (15, 20) 5

3 Germany 0 (3, 3) 1 17 Bulgaria 2 (16, 18) 5

4 France 4 (4, 8) 5 18 Estonia 2 (16, 18) 9

5 Sweden 5 (4, 9) 7 19 Cyprus 2 (18, 20) 9

6 Italy 1 (5, 6) 3 20 Romania 2 (29, 21) 15

7 Denmark 5 (5, 10) 7 21 Lithuania 1 (21, 22) 12

8 Belgium 2 (6, 8) 3 22 Croatia 3 (21, 24) 7

9 Finland 3 (7, 10) 7 23 Portugal 3 (20, 23) 4

10 Spain 2 (9, 11) 4 24 Malta 2 (24, 26) 5

11 Austria 3 (8, 11) 8 25 Hungary 2 (23, 25) 2

12 Slovakia 1 (12, 13) 10 26 Luxembourg 1 (25, 26) 1

13 Poland 1 (12, 13) 4 27 Latvia 0 (27, 27) 14

14 Czech

Republic

0 (14, 14) 4 28 Slovenia 0 (28, 28) 1

doi:10.1371/journal.pone.0165383.t003
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The model was parameterised for NiV, using what were considered the most likely parame-
ter estimates. However, due to the scarcity of data on NiV for some of the model parameters
there were inevitably data gaps in the model, in particularwith regards to the prevalence of
infection in animals and the probability of contamination of trade products in the exporting
countries. As such, multiple scenario analyses were conducted, the results of which should be
considered as plausible alternatives alongside the baseline results.
Results from the baseline NiV model suggested that legal trade was the most likely route of

entry of NiV into the EU, followed by import of bushmeat, with human travel over 40-fold
lower than these routes. The risk from pets and other live animals was very low in comparison
to all other routes, likely because the model estimated that there were only around 200 relevant
animals entering the EU from the exporting countries. The scenarios suggested that the relative
ranking of the EUMSs and the routes of introduction were fairly robust to changes in the NiV
parameter estimates, but were susceptible to changes in the exporting countries and at risk
products considered. For example, in the scenario without grapes, Sweden dropped from 5th

to11th and Estonia from 18th to 25th, as it was their predominant fruit import from the export-
ing countries in question. This highlights the importance of the import data and how a change
in demand for a product may alter the associated risk. An example of this was in May 2014
when the EU temporarily banned imports of mangoes from India after fruit flies were found in
consignments [62].
The scenario analyses also highlighted that the absolute value estimates were highly suscep-

tible to changes in the prevalence of NiV in bats in the exporting countries; due to the high
uncertainty around this parameter estimate, further field studies are recommended to enable
more robust estimates of NiV prevalence in bats. Another area of uncertainty is the future: the
model estimates of time until an introduction event are based on the assumption that parame-
ter values remain constant over time. However, this is unlikely to actually be the case; for exam-
ple, there has been a continuing general increase in airline travel to EU countries over recent
years, which if it were to continue could potentially impact both the human travel and bush-
meat routes in the model. Therefore, the model should be updated with new data when avail-
able and results reassessed. Projections in future changes (growth or decline) in the parameters
could be considered in future models to improve accuracy, although uncertainties around
these may limit the added value of increasing the complexity of the model in this way; for
example, while the general trend of an increase in airline travel may continue this may not nec-
essarily be the case in the specific countries considered, due to factors such as social or political
change.
Data for parameters such as volume of trade and human travellers were particularly sparse

for Eastern European countries and it was not clear if this was representative or simply due to
under-reporting. The level of detail known about the amount of bushmeat entering the EU is
also highly uncertain, a finding echoed in a recent assessment by the EFSA [19]. We have
assumed a high level of underreportingof illegal bushmeat, but if targeted testing is effective
the actual level could be much lower. We assumed, based on a previous US study, that a fairly
low proportion of bushmeat is from bats, 1.5% [35], but given the level of human travel from
some countries in South East Asia this still results in an estimate of well over 1000 people
bringing in bushmeat to someMSs each year. Coupled with our estimate of NiV prevalence in
bats, which is higher than the estimated prevalence for other animals, this resulted in a higher
risk for ‘bat’ compared to ‘non-bat’ bushmeat. It should be remembered that the model does
not include effects of any processing of bushmeat, which could reduce the risk of
contamination.
Validation of the model is difficult as there are few data on the risk of NiV introduction to

the EU aside from the fact that NiV has not been detected in the EU to date. Our baseline
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results indicate that, if the modelled situation were to continue unchanged, it would likely be
hundreds of years before NiV is introduced via human travel or live animals, which would be
consistent with it never having been detected via these routes. The result that legal trade is the
most likely route of introduction of NiV is in agreement with the results of a previous qualita-
tive entry assessment of henipaviruses into the UK [20]. The model does not consider the expo-
sure and consequence stages of a full risk assessment, which are also important in
contextualising the results. For example, an introduction event via legal trade is unlikely to
have the same impact (e.g. outbreak or establishment of disease) as an introduction event via
human travel as such risks depend on the various exposure pathways upon importation of dis-
ease and the quantity to which the susceptible human/livestock is exposed via the different
commodities. In this entry assessment model, any infected ‘connectors’ (i.e. passengers who
will not leave the airport between connecting flights) constitute an introduction to the MS. If
we were considering exposure and consequence, then the risk from these connectors may be
much smaller than passengers who will leave the airport and enter the MS. However, there are
data to suggest that a reasonable proportion of UK connectors are going onto other EU coun-
tries [44], highlighting the significant interconnectedness of the EU and that an introduction
event into one MS poses a risk for the whole EU.
By design, the data used to parameterise the model are, in general, derived from information

that are freely available for all countries. As such, the model does not consider some of the more
complex issues with regards to virus transmission such as seasonality of fruit (the harvesting sea-
son of some products may not overlap with when bats are likely to shed virus), climacteric fruits
(some fruits are deliberately picked unripe for export and, as such, are unlikely to be in contact
with bats who generally prefer fully ripe fruit), the degree of overlap of fruit orchards with suscep-
tible bat populations (affecting probability of bat contact with raw produce), individuals who
may be engaging in high risk practices (e.g. healthcare workers, tourists visiting bat caves [63]
and attending traditional funerals [1]) and homogeneity of virus distribution in the host country
(NiV has predominantly been reported in areas close to rivers such as the Ganges, [27], and the
seroprevalence of Ebola in Gabon is reportedly higher in forest areas as opposed to savannah
[64]). Such in depth analysis could be suited to a country specific case-study and may be advis-
able to gain a more comprehensive understanding of some of the more specific variation in risk.
The model framework describedhere is a useful tool for initial, rapid, quantitative predic-

tion of potential risk of introduction to the EU of zoonotic bat-borne viruses and, importantly,
can provide an indication of which routes are of most importance to each individualMS. The
model design is modular, so is relatively easy to update in light of new data, such as changes in
trade patterns, human demographics or spillover of NiV to new competent bat species. Addi-
tional routes of entry, such as bat migration, that might be important for new diseases or
becomemore important in the future can also be incorporated. The model is also designed to
be adaptable to assess the risk of entry of other infectious organisms given the incorporated
underlying globalmovement and trade of products and people.

Supporting Information
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