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a  b  s  t  r  a  c  t

In the  summer  of 2010  an  epidemic  of  West  Nile  virus  (WNV)  occurred  in  Central  Macedo-
nia,  Greece,  with  197  human  neuroinvasive  disease  (WNND)  cases.  In  the  following  years
the virus  spread  to new  areas,  with  a total  of  76 WNND  cases  in  2011, and  109  WNND
cases  in  2012  (14  and  12 WNND  cases,  respectively,  in  Central  Macedonia).  We  established
a surveillance  system  based  on  serological  testing  of  domestic  pigeons,  using  cELISA  con-
firmed by  serum  neutralization  test.  In Central  Macedonia,  pigeon  seroprevalence  was  54%
(95%  CI:  49–59%)  and  31%  (95%  CI: 24–37%)  at the end  of  the  2010  and  2011  epidemic
seasons,  respectively.  One serum  was  positive  for neutralizing  antibodies  directed  against
Usutu virus.  Pigeon  WNV  seroprevalence  and  incidence  rates  of  human  WNND  after  the
2010  epidemic  were  positively  correlated  (� =  0.94,  at the  regional  unit  level),  while  in
2011 the  correlation  (�  =  0.56)  was  not  statistically  significant,  possibly  due  to  small  num-
ber  of  human  WNND  cases  recorded.  To  evaluate  the  efficacy  of  the  system  at alerting  upon
WNV  enzootic  circulation  before  the  onset  of human  cases,  we  tested  270  pigeons  in 2011
and  240  pigeons  in  2012.  In  Central  Macedonia,  the  first  seroconversions  in  pigeons  were
recorded  44  and  47  days,  respectively,  before  the first  human  WNND  cases.  Pigeon  surveil-
lance was  used  successfully  for identification  of areas  with  WNV  enzootic  transmission
and  for  early  warning.  Timely  diffusion  of information  to health  authorities  facilitated  the
implementation  of preparedness  plans  to protect  public  health.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

West Nile virus (WNV) is an RNA virus within the
Japanese encephalitis virus group (genus Flavivirus,  family
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Flaviviridae) [1]. WNV  is transmitted by Culex mosquitoes
in a cycle involving birds as amplifying hosts. Infected
mosquitoes carry WNV  in their salivary glands and infect
susceptible bird species during blood-meal feeding [2]. A
mosquito requires approximately 10–14 days after its ini-
tial blood meal to become infectious and to transmit WNV
to other animals. This time interval is known as the extrin-
sic incubation period [3]. Spillover infections may  occur
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in mammals (including horses and humans), which are
regarded as incidental or dead-end hosts, since they do not
produce significant and long-lasting viremia, and do not
contribute to the virus transmission cycle [2].

Antibodies against WNV  have been present in domestic
animals, as well as in ∼1% of the humans in Greece since
the 1960s [4–8]. Hemagglutination-inhibiting (HAI) anti-
bodies against WNV  were identified in sera obtained from
sheep, goats, bovine, horses, mules, as well as in one rabbit,
one hare and one pig. Furthermore, HAI antibodies against
WNV  were detected in sera obtained from pigeons, chick-
ens, turkeys, a common snipe (Capella gallinago) and an
Eurasian collared dove (Streptopelia decaocto) [5]. However,
human WNV  cases were not reported before 2010.

In 2010, a WNV  epidemic occurred in Greece, with 197
human cases that suffered from neurological signs (WNND)
and 35 fatalities [9]. Two other epidemics occurred the fol-
lowing years, with 76 human WNND cases, as well as 8
fatalities in 2011 and 109 reported WNND cases in humans
and 16 fatalities in 2012 [10,11]. A lineage 2 WNV  strain
named “Nea Santa-Greece-2010” was detected in pools of
Culex pipiens mosquitoes [12–14], a donated human blood
sample [15], a Belgian traveler returning from Greece [16],
captive sentinel chickens [14,17,18] and an Eurasian mag-
pie (Pica pica) [19], between 2010 and 2012.

Worldwide surveillance efforts to detect WNV  before
infection of incidental hosts (humans, horses) were based
on collection and testing of adult mosquitoes and/or birds
[20,21]. Four categories of birds have been used for WNV
surveillance; dead wild birds, trapped wild birds, captive
sentinel birds, or domestic sentinel birds [22]. In the USA
the value of using WNV-infected dead birds as an indicator
of increased WNV  disease risk has been demonstrated in
several studies [23–25]. However, in Europe, and especially
in Greece, dead bird surveillance could not be applied, since
abnormal bird mortalities were not observed [19,26].

Sentinel birds can be used to detect the presence of
WNV  in a geographical location. An ideal sentinel bird is
a species that is susceptible to infection, is resistant to dis-
ease, develops a detectable immune response rapidly, is
maintained easily, presents negligible health risks to han-
dlers, does not contribute to local pathogen transmission
cycles and seroconverts to the target pathogen prior to the
onset of disease outbreaks in the community [22]. Chickens
and pigeons develop low-level WNV  viremia [27] and are
maintained easily in captivity, making them ideal sentinel
species [28]. Sentinel chicken – based WNV  surveillance
systems have provided evidence of WNV  transmission sev-
eral weeks before the occurrence of human cases [29].
Moreover, pigeons have already been identified as poten-
tial sentinel birds [22]. Consequently, active surveillance of
domestic birds has been used successfully in America and
Europe for their early warning capacity [30–35].

The present study was initiated in Greece at the end
of the 2010 WNV  epidemic. It comprised two sub-studies
with the following objectives: (a) to determine the geo-
graphical spread of WNV, immediately after the 2010 and
2011 epidemic seasons, using WNV  antibodies in juvenile
domestic pigeons (Columba livia domestica)  as indicators of
WNV  circulation, (b) to assess the correlation between the
WNV  point seroprevalence in pigeons and the incidence

rates of human WNND cases (first study), and (c) to eval-
uate the early warning capacity of a pigeon surveillance
system, e.g. its capacity to provide data on WNV  circula-
tion prior to the onset of human cases in Central Macedonia,
during the 2011 and 2012 epidemic seasons (second study).

2. Materials and methods

2.1. First study: WNV  point seroprevalence in juvenile
pigeons after the 2010 and 2011 epidemics, and
correlation with incidence rates of human WNND

2.1.1. Sampling in domestic pigeons
Two  samplings were performed in juvenile domestic

pigeons, in order to determine the spread of WNV  in
selected areas in Greece after the end of the 2010 and
2011 epidemics, respectively (Fig. 1). The first sampling
took place between October 2010 and February 2011 and
655 pigeons (131 pigeon pens, 5 pigeons per pen) were
sampled. During this period, 430 sera were obtained from
pigeons in Central Macedonia (the area worst affected dur-
ing the 2010 epidemics), specifically from the regional units
(prefectures; geographical areas equivalent to Nomencla-
ture of Territorial Units for Statistics – NUTS level 3 areas)
of Imathia, Pella, Kilkis and Thessaloniki. In addition, 110
sera were obtained from Eastern Macedonia (Kavala) and
Thrace (Xanthi), 65 from Thessaly (Larissa and Magnissia)
and 50 from Attica. The second sampling took place in
October 2011, where 210 pigeons were sampled (42 pigeon
pens, 5 pigeons per pen). This sampling was  limited to Cen-
tral Macedonia.

A two-stage stratified cluster sampling methodology
was  adapted in order to select a random sample of pigeons.
The study area was divided into two strata: urban and
rural areas. In the first stage, pens (clusters) were randomly
selected from the study area using probability proportional
to the human population size of the urban or rural areas.
In the second stage, 5 pigeons were included in the study
per selected pen. The pigeons were ringed and the coordi-
nates of each pen were recorded using Global Positioning
Systems (GPS) technology. All samples were obtained from
pigeons over 45 days old, to ensure that the detected anti-
bodies did not result from passive transfer of maternal IgY
[36]. Given that there were no data on WNV  circulation in
pigeons prior to the 2010 epidemic, all pigeons that were
sampled during October 2010–February 2011 period were
younger than 12 months old, in order to exclude infec-
tions before 2010. In 2012, all sampled pigeons were either
younger than 5 months old, or seronegative during the pre-
vious sampling period.

Blood samples were drawn with sterile syringes from
the brachial vein. The volume of blood extracted did
not exceed 500 �l. Blood was  collected in 1.5 ml  micro-
centrifuge tubes, allowed to clot and the tubes were
centrifuged (21,000 × g, 5 min, 4 ◦C). Sera were transferred
to clear microcentrifuge tubes and stored at −80 ◦C until
they were assayed.

2.1.2. Serological testing
All sera (n = 865) were tested for the presence of

antibodies against WNV  envelope protein (E), using
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