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Abstract

Background: In Egypt, the highly pathogenic avian influenza (HPAI) subtype H5N 1 is endemic and possesses a
severe impact on the poultry. To provide a better understanding of the distributional characteristics of HPAI H5N1 out-
breaks in Egypt, this study aimed to explore the spatiotemporal pattern and identify clusters of HPAI H5N1 outbreaks
in Egypt from 2006 to 2017.

Results: The Epidemic curve (EC) was constructed through time series analysis; in which six epidemic waves (EWs)
were revealed. Outbreaks mainly started in winter peaked in March and ended in summer. However, newly emerged
thermostable clades (2.2.1.1 and 2.2.1.2) during the 4th EW enabled the virus to survive and cause infection in warmer
months with a clear alteration in the seasonality of the epidemic cycle in the 5th EW. The endemic situation became
more complicated by the emergence of new serotypes. As a result, the EC ended up without any specific pattern
since the 6th EW to now. The spatial analysis showed that the highest outbreak density was recorded in the Nile Delta
considering it as the 'Hot spot'region. By the 6th EW, the outbreak extended to include the Nile valley. From spati-
otemporal cluster epidemics, clustering in the Delta was a common feature in all EWs with primary clusters consist-
ently detected in the hot-spot region, but the location and size varied with each EW. The highest Relative Risk (RR)
regions in an EW were noticed to contain the primary clusters of the next EW and were found to include stopover
sites for migratory wild birds. They were in Fayoum, Dakahlia, Qalyobiya, Sharkia, Kafr_Elsheikh, Giza, Behera, Menia,
and BeniSuef governorates. Transmission of HPAI H5N1 occurred from one location to another directly resulted in a
series of outbreaks forming neighboring secondary clusters. The absence of geographical borders between the gov-
ernorates in addition to non-restricted movements of poultry and low vaccination and surveillance coverage contrib-
uted to the wider spread of infection all over Egypt and to look like one epidemiological unit.

Conclusion: Our findings can help in better understanding of the characteristics of HPAI H5N1 outbreaks and the
distribution of outbreak risk, which can be used for effective disease control strategies.
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Introduction
In Egypt, poultry production is one of the fastest-
growing agricultural sectors with a very high economic
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ures [1, 2]. Highly pathogenic avian influenza (HPAI)
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subtype H5N1 clade 2.2 was first detected in Egypt from
a Eurasian green-winged teal in Damietta governorate
in 2005, this was followed by the detection of genetically
closely related HPAI H5N1 viruses in domestic birds and
humans in February 2006 [3]. Since then, HPAI H5N1
outbreaks in poultry resulted in severe economic losses
for the industry and the livelihood of more than 1.5 mil-
lion people has been affected [4]. The first wave of the
disease resulted in the culling of about 40 million birds,
for which the estimated costs of compensation were US$
29,375,000 [5, 6]. However, this compensation was far
less than the actual production costs from farmers’ per-
spectives and consequently, many farmers and breed-
ers stopped reporting the disease particularly after 2008
when the compensation scheme was also stopped [1, 4,
7]. This resulted in decreasing notifications of the out-
breaks and endless circulation of the virus in the poultry
population [8, 9].

The Egyptian authorities have made constant efforts to
mitigate the disease including increasing public aware-
ness; stamping out infected birds (within 3 km of the
initial outbreak); surveillance; banning live bird markets;
restricting poultry movement within 7 km radius from
the outbreak location and emergency vaccination of
parent flocks [5, 10]. These measures failed to limit the
spread of infection therefore, the decision was taken to
vaccinate all commercial flocks and backyard poultry,
surveillance, and preemptive culling of infected birds [1,
5]. Different types of surveillance programs (active, pas-
sive, and targeted surveillances) were conducted to elu-
cidate the spread of infection in poultry sectors [1]. The
National Laboratory for Veterinary Quality Control on
Poultry Production (NLQP) was established for all sur-
veillance activities in poultry nationwide. In addition to
the international cooperation with the World Organiza-
tion for Animal Health (World Organization for Animal
Health (OIE), #24) reference laboratories through twin-
ning programs and other projects [1].

Despite these control measures, HPAI H5N1 became
endemic by 2008 with continuous and extensive circu-
lation revealed by the regular nationwide active, pas-
sive, and targeted surveillance activities [1, 8, 9, 11-13].
Vaccination has become the main tool to control the
HPAI H5N1 virus in Egypt, as other aspects of the
control strategies are neglected, including biosecurity
[14]. Globally, Egypt is the second country after China
in terms of HPAI H5N1 vaccination usage [15]. How-
ever, mass vaccination is not effective without adequate
coverage and if not complemented by appropriate
outbreak management and bio-security measures [4].
Consequently, the efficacy of vaccination decreased
overtime followed by vaccine failures due to the emer-
gence of antigenic drift variants [16]. Egypt has become
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an epicenter for A(H5) virus evolution, and outbreaks
in poultry continued to occur with genetic drift in the
hemagglutinin (HA) gene observed each year [4, 17].
This in addition to the structure of the poultry indus-
try were the main challenges to effectively control the
spread of infection in Egypt [16].

In Egypt, most genetic changes in the virus circulating
in dense poultry populations occurred between 2006 to
2015 [16]. Clades 2.2.1 and 2.2.1.1 had been emerged as
a vaccine-escape mutant between 2009 and 2011 due to
mutation in HA protein [16, 18, 19]. Clade 2.2.1 continu-
ously evolved to clade 2.2.1.2a which leads to increase
human infections [20]. The situation has been worthen
by the introduction of Low Pathogenic Avian Influenza
(LPAI) HON2 virus in 2010 [21, 22], and HPAI H5N8
virus in 2017 [23, 24]. Co-circulation of all these sero-
types in the poultry population leads to continuous virus
evolution that affects virus characteristics [25, 26]. Wild
birds can transmit Avian Influenza Viruses to domestic
poultry either directly or indirectly via a contaminated
environment [27]. Along the Mediterranean coast, Red
Sea coast, Nile delta, and Nile Valley locate highly popu-
lated wetlands with waterfowl [28, 29]. BirdLife Inter-
national identifies 34 important bird and biodiversity
areas (IBAs) [29], including the four Ramsar sites [30].
Peak prevalence of the most frequent AIV carrier birds
occurred during fall migration [31, 32] which can be fur-
ther transmitted to local domestic birds [2].

Although there is no significant data on HPAI H5N1
for 2018 and 2019 [33], several studies declared a wide-
spread of the virus among poultry flocks in Egypt [34].
Infection in backyard poultry is usually associated with
mild or no symptoms [2], calling for the need to develop
an efficient surveillance program and investigate the
effectiveness of the current implemented control meas-
ures [34]. The impact of vaccination on the temporal and
spatial distribution of the outbreaks in endemic areas is
debated [35]. Although the direct association between
vaccination and HPAI H5N1 virus evolution is difficult
to establish, vaccination in combination with the culling
of infected birds/farms may be the most appropriate way
to control infections [35]. The evolutionary patterns and
temporal distribution of the virus are important for mak-
ing targeted vaccination policies and developing appro-
priate preventive measures [36—38]. It could also help to
identify potential areas of subsequent outbreaks around
epidemic areas. This will support estimating an appro-
priate radius for prevention and culling, and establish-
ing early warning systems for regions potentially affected
[35]. Therefore, this study aimed to investigate the spa-
tiotemporal pattern and identify clusters of HPAI H5N1
outbreaks in Egypt from 2006 to 2017. The output of
this study would provide a better understanding of the
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distributional characteristics of outbreaks in Egypt and
offer prospects for effective disease control strategies.

Data and methods

Data sources

HPAI-H5N1 outbreak data werer collected from two
sources: the Egyptian ministry of agriculture (General
Organization For Veterinary Services) official reports
for national surveillance and the Global Animal Disease
Information System (EMPRES-I) database available at
the Food and Agriculture Organization (FAO) (FAO,
[39]). These resulted in 7433 confirmed outbreaks of
HPAI H5N1 in domestic poultry were officially reported
between January 2006 and December 2017. All data were
integrated into one dataset.

An outbreak was defined as “the confirmed presence of
disease, clinically expressed or not, in at least one individ-
ual in a defined location and during a specified period’.
The Spatiotemporal attributes of each outbreak, date
and the centroids, were used. The country map was con-
structed by (ArcGIS 10.5 software) to facilitate the pres-
entation of data and the interpretation of results.

Data analysis
Daily, weekly, and monthly epidemic curves were con-
structed to display the magnitude and temporal trends of
HPAI H5N1 outbreaks all over the country. For each epi-
demic wave (EW), a number of disease outbreaks peaked
rapidly and then decreased gradually until the epidemic
was over [40], the number of outbreaks was calculated.

Kernel density estimation (KDE) is a simple non-para-
metric technique that relies on a few assumptions about
the structure of the observed data [41]. It is equivalent to
a simple diffusion model that is a useful approximation
to patterns of distribution frequently found in ecological
data [42]. KDE was used to identify high-density areas
[43]; run in Environmental Systems Research Institute
ArcMap 10.5 software using reported cases to generate a
density surface for each EW.

The quartic kernel function [44, 45] is given by:

2
- > 3 d?

disr

where:

1. i=1,...,n are the input points.
2. d; is the distance between the point s and the
observed event in location,

3. s;and 7 is the radius centered on s.

The formula to calculate the bandwidth is as follows
(ESRI, [46]):
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where:

+ SDis the standard distance

+ D, is the median distance

+ n is the number of points if no population field is
used, or if a population field is supplied, n is the sum
of the population field values

Kernel density maps for the total number of cases were
plotted for each EW to visualise the risk for the disease.
Default cells and the output were selected in Square kilo-
meter (Km?).

Retrospective space-time permutation scan statistics
were used to identify the Spatiotemporal clusters for
each EW by testing whether outbreaks were correlated
in space and time using SaTScan 8.2.1 software [47-49].
The scanning window was a cylinder with the spatial and
temporal dimensions as circular base and height, respec-
tively. For each EW, the temporal scanning window was
set at <50% of the study period and a maximum of 50%
of outbreaks were allowed in the spatial scanning window
[50].

The likelihood ratio statistic was used to evaluate the
possibility of a true spatiotemporal cluster in a window.
The window with the maximum likelihood ratio statistic
was considered the primary cluster while the remain-
der were considered secondary clusters. The statistical
significance was tested through Monte Carlo simula-
tions of 999 replications [50]. The time units of a week
and a month were used. The results from daily, weekly
and monthly outbreaks were very similar, therefore only
week-based results were reported.

ArcGIS 10.5 software ESRI, Redlands, California, USA)
was used to overlay results from different methods in a
map for visual comparisons.

Results

Epidemic waves of HPAI H5N1 outbreaks in Egypt

In Egypt, six epidemic waves (EW1-6) of HPAI H5N1
outbreaks were identified over the study period, Fig. 1.
The 1st EW began in February 2006, peaked in March
2006, and ended in July 2006. This was the first introduc-
tion of the disease in Egypt with 1627 outbreaks, Fig. 1.
The highest numbers of outbreaks were in Sharkia, Giza,
Qalyobiya, Dakahlia, Gharbia, Menia, and Menofia gov-
ernorates, respectively, Fig. 2A. The 2nd EW began in
October 2006, peaked in March 2007, and ended in
August 2007; with 571 outbreaks, Fig. 1. Unlike the 1st
EW, the highest numbers of outbreaks were in Gharbia,
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Fig. 1 Epidemic curves of outbreaks of highly pathogenic avian influenza subtype H5N1 in Egypt (January 2006 to December 2017), illustrating A)
daily, B) weekly, and C) monthly frequency of outbreaks as a function of time. Vertical lines delineate the six epidemic waves

Menofia, Damietta, Menia, Giza, Alexandria, Dakahlia
Qalyobiya, Qena, Aswan, and Luxor governorates respec-
tively, Fig. 2B. The 3rd EW began in November 2007,
peaked in January 2008, and ended in July 2008; with 309
outbreaks, Fig. 1. The highest numbers of outbreaks were
in Gharbia, Qalyobiya, Sharkia, and Menofia governo-
rates respectively, Fig. 2C. The 4th EW began in Novem-
ber 2008 and ended in July 2012 with three successive
peaks in March 2009, March 2010, and March 2011. This
was the longest EW with three epidemic cycles; from Jan-
uary 2009 to August 2009, January 2010 to August 2010,
and from January 2011 to August 2011, respectively. All
cycles peaked in March with outbreaks observed all over
the year. The total number of recorded outbreaks during
the 4th EW was 2280, Fig. 1. The highest numbers of out-
breaks were recorded in Menofia, Dakahlia, Qalyobiya,
Fayoum, Gharbia, and Giza governorates respectively,
Fig. 2D.

The 5th EW began in October 2012, peaked in March
2013, and ended in June 2013 with no significant out-
break until December 2013 in which 255 outbreaks were
reported. The highest numbers of outbreaks were in

Menofia, Giza, Gharbia, Behera, and Dakahlia, governo-
rates respectively Fig. 2E. While, the 6th EW began in
December 2013, with a significant number (2391) of out-
breaks over the whole period until 2017; successive peaks
were observed without specific patterns with alteration
in the usual epidemic cycles. Unlike all EWs, the high-
est numbers of outbreaks were in Menia, Sharkia, Suhag,
Giza, and Dakahlia governorates respectively, Fig. 2F.

The spatial pattern of outbreak density

The outbreaks are represented by black dots and the den-
sity from the adaptive kernel density estimation is high-
lighted in monochromatic grey (the higher the density,
the darker the color) and Fig. 3.

The spatial distribution of outbreaks in the 1st EW was
confined to the Delta region with low density in Upper
Egypt. The highest density was observed in Sharkia, Giza,
Qalyobiya, Dakahlia, and Gharbia governorates. In the
2nd EW, outbreak density covers all Delta governorates
besides, Alexandria and Damietta with outbreaks begin-
ning to increase toward upper Egypt covering Fayoum,
Menia, Qena, Luxor, Aswan with a significant density.
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Fig. 2 Spatial distribution of HPAIH5N1 outbreaks in Egyptian governorates in the six epidemic waves

The 3rd EW almost has the same distribution as the 2nd
EW but with lower sharpness.

In the 4th EW, the outbreaks seem to be connected
from Damietta, Behera, Alexandria passing through all
delta governorates to Giza, Fayoum, Beni Suef with a

lower density in Lower Egypt compared to Upper Egypt.
The spatial distribution of outbreaks in the 5th EW was
confined to the Delta region with two separate spots of
high density in the new valley and Luxor. By the 6th EW,
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Fig. 3 Adaptive kernel density estimation of highly pathogenic avian influenza subtype H5N1 outbreaks in Egypt in six epidemic waves
(Highlighted in monochromatic grey: the higher the density, the darker the color)

all governorates along the delta region and Nile valley
suffered from the highest density of outbreaks.

Spatiotemporal clusters

The extent and location of clusters are fully described in
(Tables 1 and 2, Fig. 4). The results from daily, weekly,
and monthly outbreaks were very similar, therefore only
weekly results were reported. Significantly detected Spa-
tiotemporal clusters, from the space-time permutation
scan statistics, are illustrated by the most likely clus-
ter (red circle) and by a secondary cluster (light, green-
dashed circles) in (Tables 1 and 2, Fig. 4). In the 1st EW,
clusters were covering the whole country. The primary
clusters with the highest number of locations were stopo-
ver sites for wild birds in Fayoum “Lake Qarun, Wadi El
Rayan’, and in Behera “Wadi El Naturn”. Also, in Meno-
fia, Qalyobiya, Cairo, Giza, Menia, and Benisuef of
119.7 Km radius. The highest relative risk (RR) clusters
were observed in Dakahlia, Qalyobiya, and one cluster

in Upper Egypt involving (Menia, Qena, Suhag, Assuit,
Luxor, Aswan, New_valley).

In the 2nd EW, the primary cluster of the first outbreak
with the highest number of locations and cases of radius
28.9km was located only in the delta governorates-
Menofia, Gharbia, Qalyobiya, Dakahlia, Sharkia, and
KafrElsheikh. It is near the migratory bird stopover site
“Wadi El Naturn”. Clusters of high RR were also detected
in Kafr_Elsheikh, Damietta, Dakahlia, Behera, and Menia
governorates (the same governorates appear to have the
highest outbreak density).

In the 3rd EW, the primary cluster was detected at the
end in the Menia governorate with a 44.9 Km radius.
Outbreak clusters continued to appear in the same gov-
ernorates except for Damietta. The highest RR clusters
were in Fayoum, Cairo, Giza governorates. Other clus-
ters with relatively high RR were noticed in the delta
region, specifically in Sharkia, Dakahlia, Qalyobiya, Kafr_
Elsheikh, Gharbia governorates. It is worth mentioning
that no clusters were detected in Upper Egypt.
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Table 1 Clusters of HPAI H5N1 outbreaks detected by space-time permutation scan statistic for six epidemic waves in Egypt

Epidemic wave (EW) Cluster type Radius (Km) Time period (Weeks) Number of locations Observed cases Expected cases Relative risk Likelihood ratio statistic P value
P 119.7677269 2/10/2006 3/14/2006 645 257 145.654579 1.764448477 38.88260364 0.00
s1 94.22205045 3/29/2006 6/6/2006 397 98 38.96988322 2.514762476 32.45434587 0.00
st S2 320.8528812 4/5/2006 6/13/2006 321 55 17.16656423 3.203902614 26.65498875 0.00
T EwW S3 48.16698009 3/15/2006 4/4/2006 349 444 333.659496 1.330697928 21.35856463 0.00
s4 0 2/22/2006 3/7/2006 1 16 1.750460971 9.140449438 21.21646438 0.00
S5 0 5/3/2006 5/9/2006 1 3 0.018438845 162.7 12.29689652 0.01
P 28.93971537 12/11/2006 1/14/2007 392 64 16.86514886 3.794807892 40.2817494 0.00
S1 319.4147845 3/12/2007 4/8/2007 112 38 10.56917688 3.595360398 21.87820068 0.00
S2 23.68292823 5/7/2007 5/27/2007 92 14 1.495621716 9.360655738 18.94512924 0.00
nd S3 102.6657425 1/15/2007 1/28/2007 373 30 7.754816112 3.868563686 18.78649825 0.00
ZTEwW s4 26.87667701 8/13/2007 8/19/2007 43 4 0.028021016 142.75 15.88624814 0.00
S5 7.637636908 7/23/2007 7/29/2007 9 4 0.042031524 95.16666667 14.27830092 0.00
S6 21.99625433 3/5/2007 3/18/2007 93 16 3.026269702 5.287037037 13.81971251 0.00
S7 15.56461882 3/26/2007 4/15/2007 24 10 1.544658494 6.473922903 10.28556694 0.05
P 44.9982715 8/20/2008 9/9/2008 81 10 0.420711974 23.76923077 22.25487993 0.00
s1 67.08334729 2/27/2008 4/1/2008 55 14 1.265372168 11.06393862 21.18424975 0.00
S2 35.50004817 1/23/2008 2/19/2008 226 25 6.818770227 3.666350261 14.85695102 0.00
3 Ew S3 11.74288803 9/24/2008 9/30/2008 37 4 0.051779935 77.25 13.465304 0.00
sS4 29.35594281 4/9/2008 5/27/2008 137 8 0.71197411 11.23636364 12.15204888 0.00
S5 14.43449015 5/14/2008 6/3/2008 78 6 0.378640777 15.84615385 11.00771024 0.00
S6 10.92930904 1/9/2008 1/22/2008 67 19 5.427184466 3.500894454 10.54258373 0.01
P 33.75900698 1/26/2009 4/5/2009 63 40 4.135964912 9.67126193 55.18639345 0.00
s1 9.4133431 6/13/2011 7/3/2011 36 22 1.168421053 18.82882883 43.84248797 0.00
S2 20.26413099 5/25/2009 1/10/2010 44 38 5.844298246 6.50206379 39.21325813 0.00
S3 19.98510173 3/26/2012 6/17/2012 139 18 1.221052632 14.74137931 31.71482985 0.00
sS4 9.781137314 4/4/2011 8/28/2011 54 48 12.11622807 3.961628959 30.48107834 0.00
S5 0 1/17/2011 1/23/2011 1 1 0.307894737 35.72649573 28.66782633 0.00
S6 8.777046507 1/17/2011 2/27/2011 16 20 2.27631579 8.786127168 25.80893251 0.00
s7 7.499108889 3/7/2011 3/20/2011 6 1 0.483333333 22.75862069 23.88201437 0.00
S8 8.341895769 5/24/2010 8/1/2010 23 16 1.701754386 9.402061856 21.60157951 0.00
S9 151.749537 2/23/2009 3/1/2009 18 6 0.06754386 88.83116883 20.99569431 0.00
S10 17.65873021 2/22/2010 4/4/2010 27 20 3.013157895 6.637554585 20.93155112 0.00
S11 0 1/16/2012 1/29/2012 1 5 0.028508772 175.3846154 20.86883972 0.00
S12 11.7331217 4/4/2011 4/10/2011 9 6 0.080701754 74.34782609 19.94091908 0.00
S13 12.53321631 7/19/2010 1/16/2011 74 46 15.70789474 2.928463729 19.33741723 0.00
s14 5.705447798 3/15/2010 5/30/2010 7 12 0.984210526 12.19251337 19.0207416 0.00
4 Ew S15 65.15746186 1/24/2011 3/27/2011 45 25 5.346491228 4.675963905 18.99252526 0.00
S16 37.7675923 4/13/2009 5/24/2009 16 9 0.421929825 21.33056133 18.97935742 0.00
s17 5.247472841 6/14/2010 6/20/2010 10 5 0.045614035 109.6153846 18.5358896 0.00
S18 7.4216127 11/22/2010 1/2/2011 22 12 1.052631579 114 18.28232796 0.00
S19 2.49625982 5/28/2012 6/24/2012 4 4 0.01754386 228 17.73840649 0.00
S20 0 5/3/2010 5/9/2010 1 4 0.021052632 190 17.01262291 0.00
s21 4.642997757 2/8/2010 4/11/2010 18 24 5.514473684 4.35218325 16.88605991 0.00
S22 0.439670998 11/2/2009 12/6/2009 2 5 0.067982456 73.5483871 16.56303844 0.00
$23 1.655171031 11/14/2011 12/4/2011 3 4 0.02631579 152 16.12530268 0.00
S24 0.000270091 5/4/2009 6/7/2009 2 8 0.435087719 18.38709677 15.74084725 0.01
S25 3.887419879 12/20/2010 12/26/2010 10 6 0.166666667 36 15.67524945 0.01
S26 3.486615801 8/16/2010 10/3/2010 10 7 0.302192983 23.16400581 15.31023899 0.01
s27 12.13246374 1/11/2010 2/21/2010 23 18 3.434210526 5.24137931 15.29943165 0.01
S28 3.532000093 8/2/2010 8/8/2010 4 4 0.034210526 116.9230769 15.08372662 0.01
S29 5.295082877 4/2/2012 4/8/2012 3 4 0.038596491 103.6363636 14.605593 0.03
S30 8.870168871 8/1/2011 1/1/2012 15 8 0.552631579 14.47619048 13.94485291 0.05
P 57.5817422 5/2/2013 6/12/2013 349 15 2.066666667 7.258064516 17.13481171 0.00
s1 17.05458409 10/11/2012 1/2/2013 129 27 7.278431373 3.709590517 16.48005075 0.00
S2 64.00792272 9/27/2012 10/3/2012 202 4 0.062745098 63.75 12.71318308 0.00
S3 18.32009031 10/4/2012 11/21/2012 128 18 4.352941177 4.135135135 12.28275677 0.00
5‘h EW s4 40.90554584 12/13/2012 1/16/2013 144 12 2.196078431 5.464285714 10.76748722 0.00
S5 29.40631103 2/21/2013 3/13/2013 7 9 1.2 7.5 10.45523243 0.01
S6 91.08739886 5/2/2013 5/22/2013 115 6 0.466666667 12.85714286 9.850649355 0.01
s7 14.41162467 1/24/2013 2/13/2013 48 9 1.364705882 6.594827586 9.457371848 0.03
S8 4.066468392 6/6/2013 6/12/2013 6 4 0.156862745 25.5 9.140701359 0.04
4 183.7506618 4/17/2014 12/24/2014 270 255 143.902092 1.772038171 37.58939549 0.00
S1 97.77064408 12/8/2016 2/22/2017 92 47 9.736401674 4.82724538 37.02059267 0.00
S2 80.14034751 1/1/2015 4/8/2015 422 148 70.5916318 2.096565786 33.46246579 0.00
S3 35.54905699 2/27/2014 4/16/2014 183 28 4.059414226 6.897546898 30.25257133 0.00
sS4 15.43798634 3/10/2016 6/8/2016 46 24 3.112970711 7.709677419 28.22405928 0.00
S5 20.19659629 2/5/2015 3/4/2015 159 41 11.44769874 3.581505848 22.93916691 0.00
6" EW S6 13.28338076 3/16/2017 6/14/2017 15 15 1.625523013 9.227799228 19.99634922 0.00
s7 15.37851876 12/26/2013 4/30/2014 25 17 2.30292887 7.38190407 19.33179201 0.00
S8 10.00027531 1/9/2014 3/26/2014 39 10 0.59748954 16.73669468 18.79204966 0.00
S9 2.089713129 5/29/2014 6/11/2014 3 6 0.113807531 52.72058824 17.9110985 0.00
S10 5.516981356 1/5/2017 6/7/2017 12 22 4.569037657 4.815018315 17.21115631 0.00
S11 0.957665468 5/5/2016 3/22/2017 3 17 3.207112971 5.300717547 14.60036075 0.02
S12 4.853592475 1/16/2014 3/19/2014 8 7 0.381589958 18.34429825 13.7559954 0.04

" P Primary cluster, S secondary clusters
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Table 2 Spatial distribution of significant clusters of HPAI HSN1 outbreaks detected by space-time permutation scan statistic for six
epidemic waves in Egypt

Epidemic wave (EW) Cluster type

location

Relative risk

P Giza,(25.43%), Fayoum,(18.45%), Menofia,(13.64%), Qalyobia,(13.18%), BeniSuef,(11.63%), Cairo,(8.37%), Menia,(8%), Behera,(1.24%) | 1.764448477
S1 Gharbia,(33.5%), kafr_Elsheikh,(24.94%), Behera,(24.69%), Alex,(11.33%), Menofia,(4.53%), Dakahlia,(0.76%), Sharkia,(0.25%) 2.514762476
1 EW s2 Menia,(24.9%), Qena,(20.56%), Suhag,(18.69%), Assuit,(14.33%), Luxor,(10.28%), Aswan,(8%), New_valley,(3.11%) 3.203902614
E Ss3 Sharkia,(69.9%), Dakahlia,(12%), Qalyobia,(5.44%), Ismailia,(5.15%), Gharbia,(3.15%), Menofia,(2.57%), kafr_Elsheikh,(1.43%), Suez,(0.28%) 1.330697928
sS4 Qalyobia 9.140449438
S5 Dakahlia 162.7
P Menofia,(45.66%), Gharbia,(18.87%), Qalyobia,(16.32%), Dakahlia,(9.9%), Sharkia,(8.4%), kafr_Elsheikh,(0.76%) 3.794807892
s1 Qena,(42.85%), Luxor,(29.46%), Aswan,(27.67%) 3.595360398
s2 Damietta,(80.4%), Dakahlia,(19.56%) 9.360655738
s3 Giza,(34.3%), Fayoum,(31.36%), BeniSuef,(19.83%), Cairo,(8.57%), Menia,(4%), Suez,(1.87%) 3.868563686
2EW
s4 Behera 142.75
S5 kafr_Elsheikh 95.16666667
S6 Dakahlia,(64.5%), Gharbia,(30%), kafr_Elsheikh,(3.22%), Menofia,(1%), Sharkia,(1%) 5.287037037
s7 Menia 6.473922903
P Menia 23.76923077
S1 Alex,(58.18%), Behera (40%), Matrouh,(1.8%) 11.06393862
s2 Gharbia,(60.6), kafr_Elsheikh,(19.9), Behera,(10.17), Menofia,(8.85), Sharkia,(0.44) 3.666350261
3 EW s3 Fayoum 77.25
sa Sharkia,(70.8%), Dakahlia,(22.6%), Qalyobia,(3.65%), kafr_Elsheikh,(1.46%), Gharbia,(1.459%) 11.23636364
S5 Giza,(84.6%), Cairo,(15.38%) 15.84615385
S6 Qalyobia 3.500894454
P Behera,(62%), Alex,(38%) 9.67126193
S1 Damietta,(94%), Dakahlia,(6%) 18.82882883
s2 Dakahlia,(89%), Sharkia,(11%) 6.50206379
Ss3 Sharkia,(90.64%), Menofia,(3.59%), Qalyobia,(2.87%), Gharbia,(2.15%), kafr_Elsheikh,(0.71%) 14.74137931
sa Menofia,(76%), Qalyobia,(24%) 3.961628959
S5 Fayoum 35.72649573
S6 kafr_Elsheikh 8.786127168
s7 Fayoum 22.75862069
S8 Giza,(91%), Cairo,(9%) 9.402061856
Ss9 Aswan 88.83116883
s10 kafr_Elsheikh,(96%), Dakahlia,(4%) 6.637554585
S11 Menofia 175.3846154
s12 Behera,(89%), Sharkia,(12%) 74.34782609
S13 Qalyobia (62%), Menofia,(36.48%), Giza,(1.35%) 2.928463729
s14 Giza 12.19251337
4" Ew S15 Behera,(44.44%), Menofia,(35.55%), Giza,(17.77%), Alex,(2.22%) 4.675963905
S16 Suhag 21.33056133
517 Menofia 109.6153846
518 Gharbia 11.4
S19 Qalyobia 228
S20 Luxor 190
s21 Menofia 4.35218325
522 BeniSuef 73.5483871
s23 Menia 152
S24 Qalyobia 18.38709677
S25 Qalyobia 36
526 Menofia 23.16400581
527 Gharbia,(87%), kafr_Elsheikh,(13%) 5.24137931
528 BeniSuef 116.9230769
529 Assuit 103.6363636
S30 Gharbia,(73%), Dakahlia,(27%) 14.47619048
P Sharkia,(70.48%), Ismailia, (7.73%), Dakahlia,(7.44%), Qalyobia, (6%), Gharbia,(3.15%), Menofia,(2.57%), kafr_Elsheikh,(1.43%), Suez,(0.85%), Cairo,(0.28%) 7.258064516
s1 Menofia,(76.74%), Gharbia,(23.25%) 3.709590517
s2 Fayoum,(36.13%), Giza,(31.68%), BeniSuef,(30.69%), Suez,(1.48%) 63.75
s3 Qalyobia,(46.87%), Menofia,(29.68%), Giza,(22.65%), Cairo,(0.78%) 4.135135135
5% EW sS4 Behera,(57.63%), kafr_Elsheikh,(27%), Gharbia,(14.58%), Sharkia,(0.69%) 5.464285714
S5 New_valley 7.5
S6 Suhag,(52.17%), Qena,(41.74%), Luxor,(6%) 12.85714286
s7 Gharbia 6.594827586
S8 Alex 25.5
P Menia,(51.48%),Suhag(22.22%) , Assuit,(17%), Qena,(6%), BeniSuef,(3.33%) 1.772038171
s1 Sharkia,(34.78%), Ismailia,(30.43%), Suez,(22.8%), Qalyobia,(5.43%), Gharbia,(2.17%), Kafr_Elsheikh,(2.17%) , Cairo,(1.08%), Giza,(1.08%)| 4.82724538
S2 Menofia,(31%), Behera,(24.64%), Gharbia,(22.51%), Alex,(11.13%), kafr_Elsheikh,(8.53%), Giza,(1.89%), Sharkia,(0.24%), 2.096565786
s3 Dakahlia,(59), Damietta,(27), kafr_Elsheikh,(9), Gharbia,(5) 6.897546898
sS4 Fayoum 7.709677419
S5 Sharkia,(76.72%), Dakahlia,(13.2%), Menofia,(3.14%), Qalyobia,(3.14%), Gharbia,(2.5%), kafr_Elsheikh,(1.25%) 3.581505848
6" Ew S6 Sharkia,(80%), Qalyobia,(20%) 9.227799228
s7 Benisuef 7.38190407
s8 Qalyobia,(61.53%), Menofia,(25.64%), Giza,(12.82%) 16.73669468
s9 Giza 52.72058824
S10 Giza,(75%), Cairo,(25%) 4.815018315
S11 Qalyobia 5.300717547
S12 Cairo,(12.5%), Giza,(87.5%) 18.34429825

" P Primary cluster, S secondary clusters

In the 4th EW, 30 clusters were detected and character-
ized by small radius size, all confined to the Delta region
and Nile valley, with a noticed cluster in Damietta. The

primary cluster, the first occurring cluster in the 4th
EW, was located in Alexandria and Behera of a 33.7 Km
radius. It was including migratory bird stopover sites
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1% Epidemic Wave

2" Epidemic Wave

3rd Epidemic Wave N

Fig. 4 Spatial patterns and Spatiotemporal clusters of weekly outbreaks of highly pathogenic avian influenza subtype H5N1 over six epidemic
waves in Egypt. Outbreaks represented by black dots and Outbreak density from adaptive kernel density estimation are highlighted in
monochromatic grey (the higher the density, the darker the color). Significant spatiotemporal clusters detected from the space—time permutation
scan statistics are illustrated by the most likely cluster (red circle) and by a secondary cluster (light green-dashed circles)

“Lake Maryut” in Behera and “Lake ldku” in Alexan-
dria. However, lowered density observed in upper Egypt,
several clusters in all upper Egypt governorates were
detected-unlike the 3rd EW- in Menia, BeniSuef, Assuit,
Luxor, Suhag, and Aswan governorates. The highest RR
clusters were observed in Qalyobiya, Luxor, Menofia,
BeniSuef, Assuit, Aswan, Behera, Sharkia, and Fayoum
governorates.

In the 5th EW, newly hot spots with clusters in Ismailia,
Suez, and New Vally governorates were detected. With
only one cluster conjoin Suhag, Qena, and Luxor gov-
ernorates of a radius of 91 Km. The primary cluster was
detected at the end of the wave of 57.5 Km radius with
the highest number of locations in Menofia, Gharbia,
Qalyobiya, Dakahlia, Sharkia, Kafr_Elsheikh- besides
Cairo, Suez, and Ismailia governorates. It included two
migratory bird stopover sites in Ismailia “Bitter Lakes”
and Suez. The highest RR clusters were detected in

Fayoum, Giza, BeniSuef, Suez, Suhag, Qena, Luxor, and
Alexandria governorates.

In the 6th EW, clusters previously detected in Ismailia
and Suez continued to be detected with clustering in
all delta regions and Nile valley governorates. A spe-
cial primary dislodged cluster was detected in Menia,
Suhag, Assuit, Qena, and BeniSuef. The Primary cluster
occurred as the fifth cluster in the first 4 months of the
beginning of the wave and lasted 8 months to the end of
2014 with the highest number of cases and of 183.7 Km
radius. Clusters of high RR in Giza, Cairo, Qalyobiya,
Menofia, Sharkia, Fayoum, Benisuef, Dakahlia, Damietta,
Kafr_Elsheikh, and Gharbia governorates were identified.

Discussion

In Egypt, HPAI H5N1 possesses a severe impact on
the poultry industry and constitutes a serious pan-
demic threat. To provide a better understanding of the
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characteristics of HPAI H5N1 outbreaks in Egypt, this
study aimed to explore the spatiotemporal pattern and
identify clusters of HPAI H5N1 outbreaks from 2006 to
2017 as illustrated in (Graphical abstract). The results
showed that six EWs over different time scales of daily,
weekly, and monthly had similar patterns, which may
indicate that HPAI H5N1 has a strong epidemic charac-
teristic. The duration of the EWs (1 to 6) was 8, 15, 12,
46, 13, and 50 months, respectively, and the starting dates
were from August to October/November. Together, these
findings suggest that the disease control strategies were
effective to some extent [51], however, the epidemic
cycle was not interrupted. Z Zhang, D Chen, Y Chen,
TM Davies, J-P Vaillancourt and W Liu [50] found that
the number of HPAI H5N1 outbreaks was decreased
over time, and this was indicated by the shorter vertical
span of the EC and extensive spatial distribution with a
long horizontal span over time. This suggests that there
is a potential risk of spatial spread and some of these out-
breaks may have been ongoing for a while and the peaks
were detected by improved passive surveillance [52].

The EC revealed that outbreaks in each EW started
in winter “October, November, or January’, reached the
peak in March, and ended in July or August. This suggests
a seasonal pattern (winter, and early spring) of HPAI
H5N1 outbreaks in poultry with the highest risk period
seems to be from October to March. This may be due to a
high activity and survival rate of the virus associated with
environmental factors of low temperature and high rela-
tive humidity during the winter season [17, 33, 53-57].
This Epidemic cycle was observed during the first three
EWs (2006—2008) and is in an agreement with previous
studies [8, 9, 17, 56, 57]. There were no observed out-
breaks in warmer months until the 4th EW with no alter-
ation in the usual epidemic cycle until the beginning of
the 6th EW in which there were successive peaks without
a specific pattern. This also indicated the environmental
impact on the activity and survival rate of the virus.

Clade 2.2.1 was detected during the 1st and 2nd EWs
while clade 2.2.1.1. was detected in the 2nd EW. After the
disease became endemic in 2008, both clades were exist-
ing during the 3rd EW. Isolates of H5N1 viruses showed
a rise in genetic diversity in the 2.2.1.2 cluster from early
2008, shortly after the first detection in 2006. During the
4th EW, in addition to clade 2.2.1 and clade 2.2.1.1 that
were present during the 3rd EW, clade 2.2.1.1a and 2.2.1.2
were detected and HIN2 was reported for the first time
in Egypt. Our results are in good agreement with [4].

Generally, the incidence of HPAI H5N1 decreased
throughout the summer and autumn seasons when
the temperature increased [1]. However, it was noticed
that during the 4th EW in 2009, the virus was circulat-
ing all year round with alteration in the epidemic cycle

Page 10 of 15

[1, 8,9, 58]. Several successive peaks in the 4th EW were
observed and the wave lasts longer compared to other
precedeing waves. This is consistent with [59] obser-
vations for the outbreaks in the Menofia governorate.
It could be attributed to newly emerged thermostable
clades 2.2.1.1 and 2.2.1.2-b/2.2.1.2-c, or the higher abil-
ity of the virus to survive longer at higher temperatures
(56°C degrees) [58]. The adaptation of these clades to the
Egyptian environment leads to the endemic status of the
virus [60]. From 2009 to 2014, the 2.2.1.2 cluster exhib-
ited a constant progressive adaptation to poultry and was
considered to be an endemic cluster becoming the domi-
nant cluster circulating since 2011 [4]. Viruses within the
variant clusters were less fit than the viruses of the classic
clade 2.2.1, ultimately giving rise to a group of endemic
clade 2.2.1.2 viruses [60].

By the end of the 4th EW, there was no significant peak
in 2012 but there were cases at the same time of the epi-
demic cycle with no recorded outbreaks from August
2012 to the beginning of the 5th EW; in which the peak
was flattened compared to others. The same clades were
detected during the 4th, 5th, and 6th EWs (clade 2.2.1,
clade 2.2.1.1a, and 2.2.1.2) [4]. The emergence of HIN2,
H5NS, and H5N2 in 2011, 2016, and 2019, respectively,
have complicated the endemic situation with an EC that
ended up without any specific pattern in the 6th EW.

Kernel densities of HPAI H5N1 outbreaks in all EWs
revealed distinct outbreak patterns. These different spa-
tial patterns suggest different spread mechanisms [27].
The highest density in all six EWs suggested that Delta
was a ‘Hot spot’ for most outbreaks with different loca-
tions and sizes. In the last EW, the hot spot emerged to
cover all delta and the Nile valley (Fig. 3). There are no
geographical barriers or borders between most of the
Egyptian governorates, therefore the country appears as
a small village or one epidemiological unit. Lower density
was observed in Upper Egypt compared to Lower Egypt
and this was a common feature from the 1st to the 5th
EW. The obtained results are broadly consistent with pre-
vious studies which indicated that the incidence of HPAI
H5N1 was higher in Lower Egypt than Upper Egypt from
2006 to 2009 in commercial farms, backyards, humans,
and the outbreaks were concentrated mostly in the Nile
delta [8, 9]. The Nile delta, where the disease is most con-
centrated, has a very high density of domestic waterfowl,
rural human population, and an abundance of water and
irrigation networks which are high-risk factors for HPAI
[61]. It was noticed that the density of HPAI H5N1 out-
breaks in poultry has a positive correlation with human
population density and proximity to water canals. Both
factors were identified as risk factors for HPAI H5N1
outbreaks across different regions and spatial scales [61].
The high density of the human population is usually
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associated with high poultry production and/or trade
activities, resulting in an increased risk of contact with
infected poultry [27]. The location of large cities with
high demand for poultry products would increase the
chances of disease transmission through poultry trade
routes [52]. Poultry production and/or trade near wet-
lands would increase the chances of infection because of
the higher risk of contact with infected domestic water-
fowl, infected wild birds, or contaminated environment
[27] as in the delta region and the Nile valley. The fre-
quent reoccurrence of disease clusters could be due to
a high survival rate of the virus in contaminated water
and bird feces [53]. In Romania, similar to our findings,
MP Ward, D Maftei, C Apostu and A Suru [62] found
that HPAI H5N1 outbreaks in village poultry popula-
tions were significantly associated with villages less than
5km from a river or a stream. This could be attributed to
the ability of the HPAI H5N1 virus to survive in water or
feces for extended periods up to 207 days at 17°C or up to
102 days at 28°C [63], and remains virulent in liquid bird
feces for 30—-35 days at 4°C and 7 days at 20°C [27].

The results of HPAI H5N1 cluster epidemics in Egypt
in each EW from 2006 to 2017 could be attributed to
many risk factors. This includes differences and variety in
agro-ecology, human and animal demographic character-
istics, poultry production systems, and wild bird’s stopo-
ver sites and their habitats. Climate variability has been
proved to influence the outbreak occurrence and spread
of the virus in the environment [59].

In the 1st EW, the clusters covered almost the whole
country and this was consistent with A Arafa, I EI-Masry,
S Kholosy, MK Hassan, G Dauphin, ] Lubroth and Y]
Makonnen [60] who reported that H5N1 outbreaks cov-
ered 96.3% of the country. Although it is hard to trace
the most likely route of introduction from the pattern of
spread alone [52], the statistical phylogeography metrics
suggest that H5N1 diffusion is geographically structured
in Egypt [64].

It has been found that clustering in the Delta was the
common feature in all EWSs, but the location and size
varied. The primary Spatiotemporal cluster was consist-
ently detected in the hot-spot region across all six EWs,
but the location and size varied. These results concur
with other studies which have shown that the majority
of routes between governorates were found in the heav-
ily populated Delta region as a popular location for virus
transition [64]. The highest density of poultry population
(1000/km?) along with human population density in the
Nile delta region could be the main reason for the estab-
lishment of the virus and clustering in that region [1].

The highest RR clusters in all EWs were found in
Sharkia, Gharbia, Fayoum, and Qalyobiya governo-
rates. Our findings suggest that the highest risk regions
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of the highest RR clusters in all EWs were found in Fay-
oum, Dakahlia, Qalyobiya, Sharkia, Kafr_Elsheikh, Giza,
Behera, Menia, BeniSuef, Luxor governorates. Our
results support that the virus spread route was from
Sharkia to Gharbia and from Fayoum to Qalyobiya as
suggested by [64]. These regions with the highest risk
of outbreak clustering have an increased chance of a
repeated events than others. In most cases, the primary
clusters of next waves were detected in the regions of
the highest RR in the previous one. JH Mu, BA McCarl,
X Wu and L Gan [65] found a positive significant effect
between past and current outbreaks.

The results showed clusters in the cities with zero radii,
which increase the possibility of viral spread in the sur-
rounding areas from this point. Cities are characterized
by highly intense poultry trade activities including live
poultry markets, food markets, slaughterhouses, and
poultry processing plants. HPAI virus could be spread
through the road networks [66—68] this may also indicate
the spread of the disease through the transportation of
poultry and poultry products [69]. A high risk of HPAI
H5N1 was strongly associated with highly-populated
areas, short distances to the highway junction (<20km),
and a high density of roads since highway junctions con-
sidered as “dissemination nodes” for the HPAI H5N1
virus [66—68].

The primary cluster occurred mostly at the begin-
ning of the EW except for the 3rd and the 5th ones.
While the secondary clusters appeared both in the early
and late periods of each EW (Fig. 4) and varied in num-
ber and location over space and time. The clustering of
neighboring outbreaks is a common feature in all sec-
ondary clusters along EWs from the 3rd to the 6th. The
distance between clusters was less than 20km and has a
time interval of less than 3 weeks. From these results, it
could be deduced that the transmission of HPAI H5N1
from one location to another directly resulted in a series
of outbreaks forming neighboring clusters without effi-
cient intervention to break these chain events. In China,
six clusters of HPAI H5N1 in 30 outbreaks and 20km
distance were identified [68]. The subsequent spread of
infection in multiple secondary cluster patterns suggests
there was an infection reservoir in which the disease was
circulating and undetected. Under these scenarios, it is
difficult to trace the most likely route of the introduction
of infection [52].

This clustering could also be attributed to the high pop-
ulation density of small commercial farms and backyard
poultry in Egypt (FAO sectors 3 and s 4) [70]. These sec-
tors suffer from low vaccination, surveillance coverage,
and low biosecurity practices.

It was noticed that the primary clusters included stopo-
ver sites for migratory wild birds except the 3rd and the
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6th EWs. Backyard poultry is a common practice allow-
ing interactions between wild and domesticated birds
throughout Egypt [71]. The distribution of the human
population combined with the proximity to water canals
and/or wetlands is an important interface between
poultry and wild birds [27]. During avian fall migra-
tion (August—November), bird hunting is most exten-
sive in northern Egypt, Nile Delta, and its surroundings
in which wild birds are trapped and traded at local or
regional markets [1, 72]. Samples from live bird markets
indicated that apparently healthy wild birds were positive
for HPAI viruses [3, 73].

The hot spot identified at the border between Europe
and Africa covers the Black and Mediterranean Seas and
neighboring regions such as Egypt, Greece, and Turkey,
was emerged in the 3rd global EW in June 2005 and per-
sisted up until the global 6th EW [50]. Extensive wetlands
in this region have formed significant breeding and con-
gregation sites for domestic, migratory, and other wild
birds, increasing the risk of contact and facilitating virus
evolution [74]. In addition to the existence of two bird
migratory routes across this region (the Black Sea—Medi-
terranean and the East Africa—West Asia flyways), which
link Asia, Europe, and Africa [50].

Conclusion

It was clear that HPAI H5N1 outbreaks usually started
in winter, peaked in March, and ended in summer. After
the emerging of newly thermostable clades (2.2.1.1 and
2.2.1.2), there was a clear shift in the pattern of the epi-
demic cycle and the situation became more complicated.
During the 4th EW the virus had the ability to survive
and cause infection in warmer months with a clear altera-
tion in the usuall seasonal epidemic cycle in the 5th EW.
The endemic situation became more complicated by the
emergence of new Al serotypes. As a result, the EC ended
up without any specific pattern in the 6th EW and till
now. The spread of infection was probably taking place
at many different but interlinked patterns affected by the
density of poultry and human populations, transporta-
tion of poultry and their products; infected reservoirs;
proximity to rivers or wetlands; and wild bird hunting
and trade.

The spatial distribution indicated that the spread of the
HPAI H5NT1 is probably taking place at many different
but interlinked patterns. The spread patterns responsi-
ble for local transmission are the following: highest den-
sity of poultry population along with human population
density; transportation of poultry and their products; the
transmission of HPAIH5N1 occurred from one location
to another directly resulted in a series of outbreaks form-
ing neighboring clusters without efficient intervention;
disease circulated undetected through infected reservoir;
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proximity to rivers or wetlands is an important interac-
tion gate between poultry and wild birds; and, wild bird
hunting and trade in LBM. They could exist simultane-
ously together as in the Nile delta and along Nile valley.
The dynamics of how the virus survives are important
for a country’s decision of whether to implement disease
prevention and control strategies. One of the limitations
of our study is that the results are largely dependent on
the quality of the original data. In addition to the com-
mon problem of underreporting due to fear of culling
and inadequate compensation, under the coverage of
surveillance program and the sensitivity of the active sur-
veillance is not enough to declare sporadic occurrence or
areas that are free from infection. Our findings can help
in better understanding of the characteristics of HPAI
H5N1 outbreaks and the distribution of outbreak risk,
which can be used for effective disease control strategies.

Study limitations

One of the limitations of this study is that the results are
largely dependent on the quality of the original data. In
addition to underreporting due to fear of culling and
inadequate compensation. The sensitivity of the active
surveillance is not enough to declare sporadic occur-
rences or areas that are free from infection. Detection
bias, control measures, or changes in demographic char-
acteristics in at-risk populations couldn’t be considered.
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